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Background: Demonstrating bioequivalence (BE) of locally acting orally inhaled 

drug products (OIDPs) remains challenging. Both the European Medicines Agency and 

the Food and Drug Administration have proposed approaches for establishing BE of 

OIDPs. Both approaches comprise in vitro (e.g., determination of aerodynamic particle 

size distribution via cascade impactor (CI) studies) and in vivo methods (e.g., 

pharmacokinetic (PK) and pharmacodynamic studies) that should ensure an equivalent 

safety and efficacy profile of both products (i.e., test (T) and reference (R)). However, a 

scientific consensus about the appropriateness and/or necessity of those methods has 

not been reached. Two of the major problems that have not been resolved yet are (1) 

the lack of a statistical test for testing APSD equivalence and (2) the sensitivity of 

plasma concentration data to differences in pulmonary behavior. Objectives: (1) To 

develop and characterize a metric (i.e., modified chi-square ratio statistic; mCSRS) and 

a statistical method for APSD equivalence testing and (2) to develop a software tool for 

PK trial simulation of inhaled corticosteroids, which could be applied to elucidate the 

sensitivity of plasma concentration data to differences in pulmonary behavior. Methods: 
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(1) The mCSRS was applied to CI profiles for situation in which T and R products were 

identical (robustness analysis) or differed from each other (sensitivity analysis). CI 

profiles were simulated based upon hypothetical or modified actual data. (2) A 

compartment model that describes the fate of ICS and incorporates physiological and 

patient aspects of inhalation therapy was developed and a closed-form expression for 

the plasma concentration time profile derived. Results: The median of the distribution of 

mCSRSs (MmCSRS) was one regardless of the shape and number of sites of the CI 

profile. The MmCSRS is more sensitive to differences that occur on high deposition 

sites and requires reference variance scaling for consistent APSD equivalence decision-

making. 55 typical CI scenarios were classified according to expert opinion. The PK trial 

simulation tool was successfully developed and validated. Conclusions: A statistical test 

for APSD equivalence testing and a software tool published that could be applied for 

evaluating the sensitivity of the PK approach to pulmonary differences were developed.  
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CHAPTER 1 
INTRODUCTION 

Background 

Asthma and chronic obstructive pulmonary disease (COPD) are the most 

common chronic inflammatory lung diseases worldwide (1, 2). An estimated 300 million 

people are worldwide affected by asthma. The prevalence of asthma varies globally 

between 1-18% in different countries (United States: approximately 11%). Annual 

worldwide deaths of asthma are estimated at 250,000 (1). The prevalence of COPD is 

reported as 6% but is estimated to be higher. COPD will become the third leading cause 

of death worldwide by 2020. In the European Union, COPD accounts for annual costs of 

38.6 billion Euros. In the United States the estimated direct costs of COPD are $29.5 

billion and the indirect costs $20.4 billion (2). The social and economic burden of both 

diseases is immense. Absence from school or work is reported as substantial social and 

economic consequences of asthma and COPD in various countries (1, 2).  

Orally inhaled drugs products (OIDPs) comprising inhaled corticosteroids (ICS), 

beta-2-agonists, and anticholinergic drugs play an important role in the treatment of 

asthma and COPD (1, 2). The availability of OIDPs has improved the treatment quality 

(i.e., desired effect to side effects ratio) by delivering the drugs directly to the lung (1-4). 

In particular when considering the economic impact of both diseases, the development 

of generic alternatives to the commercially available innovator products is of great 

importance (5, 6). Whereas obtaining market approval for an innovator product requires 

demonstration of safety and efficacy, which is a very time and cost intensive process, 

market approval for generics can be obtained by simply demonstrating bioequivalence 

(BE; see below) between the generic and the innovator product, which is usually less 
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time and cost intensive (Figure 1-1). Hence, generic drugs are usually much cheaper 

than the respective innovator products.  

However, even though guidelines and methods for demonstrating BE of OIDPs 

have been published by the European and United States (US) drug regulating agencies, 

there is no scientific consensus which methods are most appropriate and necessary for 

demonstrating BE of OIDPs, in particular for ICS.   

This dissertation is structured as follows. In Chapter 1, the principles of the 

methods that are used for demonstrating BE of systemically acting orally administered 

drug are briefly reviewed, the challenges that are involved in demonstrating BE of 

locally acting OIDPs are described, the guidelines and methods for demonstrating BE 

that have been published by the European Medicines Agency (EMA) and the Food and 

Drug Administration (FDA) are reviewed, and the current needs for research in this area 

addressed. In Chapter 2, a metric (i.e., modified chi square ratio statistic; mCSRS) for 

testing equivalence in aerodynamic particle size distribution (APSD), an important in 

vitro characteristic in both EMA and FDA guidelines, is introduced and its behavior 

when two OIDPs are identical characterized. In Chapter 3, the behavior of the mCSRS 

when two OIDPs differ from each other in their APSD is analyzed. In Chapter 4, a 

method for testing equivalence in APSD based upon the mCSRS is proposed and 

evaluated. In Chapter 5, a semi-mechanistic pharmacokinetic (PK) model that describes 

the fate of an ICS after administration and that can be used for trial simulation is 

developed and its features characterized. In Chapter 6, the current EMA and FDA 

guidelines and methods for demonstrating BE of OIDPs/ICS are critically analyzed and 
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the impact of the results of this dissertation of the EMA and FDA guidelines and BE 

testing of OIDPs/ICS is debated.   

Methods for Establishing Bioequivalence of Systemically Acting Orally 
Administered Drugs 

Definition of Bioequivalence 

21 Code of Federal Regulations 320.1 (e): Bioequivalence means the absence of 

a significant difference in the rate and extent to which the active ingredient or active 

moiety in pharmaceutical equivalents or pharmaceutical alternatives becomes available 

at the site of drug action when administered at the same molar dose under similar 

conditions in an appropriately designed study. Where there is an intentional difference 

in rate (e.g., in certain extended release dosage forms), certain pharmaceutical 

equivalents or alternatives may be considered bioequivalent if there is no significant 

difference in the extent to which the active ingredient or moiety from each product 

becomes available at the site of drug action. This applies only if the difference in the 

rate at which the active ingredient or moiety becomes available at the site of drug action 

is intentional and is reflected in the proposed labeling, is not essential to the attainment 

of effective body drug concentrations on chronic use, and is considered medically 

insignificant for the drug. 

Interpretation 

It is important to recognize that the generic product needs to demonstrate the 

absence of a significant difference (in rate and extent) at the site of drug action 

compared with the innovator product. However, it is often not feasible to determine drug 

concentrations at the site of action (e.g., heart, kidney, brain). Hence, demonstrating BE 

of systemically acting orally administered drugs is based upon the principle that for 
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those formulations, the drug reaches the site of action via the systemic circulation (i.e., 

blood). Thus, BE can be establish by showing the absence of a significant difference (in 

rate and extent) at which the drug becomes available in the systemic circulation and the 

scientifically justified assumption that an absence of a significant difference in the 

systemic circulation results in an absence of a significant difference at the site of action 

(Figure 1-2).  

Methods 

Demonstration of BE for systemically acting orally administered drug products is 

based upon showing an absence in the rate and extent at which the drug becomes 

available in the blood (see above). For instance, if the generic and the innovator 

formulation show the same or a similar plasma concentration time profile after 

administration, they would certainly be bioequivalent as an absence in rate and extent 

at which the drug becomes available would be clearly established. However, 

demonstrating an identical or equivalent plasma concentration time profile is, first, not 

necessary as bioequivalence refers only to the extent and rate at which the drug 

becomes available and, second, very challenging from a statistical perspective as it 

would require multiple comparisons at each time point at which a plasma sample was 

taken. Thus, demonstration of BE is based upon showing an absence in a significant 

difference in the maximum plasma concentration (Cmax) and the area under the plasma 

concentration time curve (AUC) as surrogates for rate and extent at which the drug 

becomes available in the systemic circulation. In particular, Cmax is a metric for the rate 

and extent at which the drug becomes available whereas AUC is a metric for the extent 

at which the drug becomes available.  
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Based upon a crossover design (i.e., each subjects receives both the generic 

and the innovator product), BE is then demonstrated by showing that a 90% confidence 

interval for the test to reference (i.e., generic to innovator) ratio for AUC and Cmax is 

between 80 and 125%. This approach is called  “Average Bioequivalence Approach” 

and can be interpreted that the customers can be 90% confident that the two products 

do not differ by more than 20% in the rate and extent at which drug becomes available 

at the systemic circulation and, hence, the at the site of action. I would like to remark 

here that the skewed acceptance range of 80 – 125% is solely a consequence of the 

logarithmic transformation of the data that is required prior to analysis. Furthermore, 

those BE studies are usually conducted in healthy subjects. 

Challenges when Establishing Bioequivalence of Locally Acting Orally Inhaled 
Drug Products  

The approach for establishing BE of systemically acting orally administered drug 

based upon Cmax and AUC (see above) cannot generally be applied to locally acting 

OIDPs for the following two reasons. First, the drug reaches the site of action (lung) 

before it reaches the systemic circulation and, second, the plasma concentrations may 

reflect both drug that has been absorbed through the lung and the gastrointestinal (GI) 

tract (Figure 1-3). Hence, a different methodology may be required to establish BE of 

locally acting OIDPs. Interestingly, the EMA and FDA have proposed very different 

approaches for the establishment of BE of locally acting OIDPs. Those two approaches 

are briefly summarized below. 

FDA Approach – Aggregate Weight of Evidence Approach 

The FDA proposed the so-called “aggregate weight of evidence” approach for 

establishment of BE of OIDPs (7). This approach comprises four principles (i.e., device 
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design and formulation similarity, comparative in vitro tests, systemic exposure studies, 

and pharmacodynamic and clinical endpoint studies) all of which need to be passed in 

order to demonstrate BE between a generic and an innovator inhaler (Figure 1-4).  

Device design and formulation similarity 

The FDA requires that the generic and innovator products have a similar device 

design, device shape, and operating principles to ensure the patient’s compliance with 

the generic inhaler. Moreover, the FDA recommends that the formulation of the generic 

product is qualitatively (Q1) and quantitatively (Q2) with respect to the inactive 

ingredients similar (+/- 5%) to that of the innovator product. However, the FDA is aware 

that e.g., certain differences in the internal geometry of the devices require differences 

in formulation (e.g., different excipients or different amounts of the same excipients) for 

delivering an equivalent lung dose or maintaining a similar device resistance. Hence, 

the Q1 and Q2 sameness is a recommendation but not a formal requirement. 

Comparative in vitro tests 

The FDA requires the demonstration of equivalence in four comparative in vitro 

tests (i.e., device resistance, flow rates, single inhalation/actuation content, and particle 

size distribution) for demonstration of BE of two dry powder inhalers (DPIs). These 

comparative in vitro tests are required in addition to the pharmacokinetic (PK) and 

pharmacodynamics PD studies (PD), which are intended to show an equivalent 

systemic safety profile and equivalent pulmonary efficacy (see below), respectively, as it 

is generally assumed that in vitro tests are more sensitive to possible difference 

between two products.  
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Systemic exposure studies 

The FDA requires comparative systemic exposure studies for demonstration of 

an equivalent systemic safety profile between a generic and an innovator product. A 

classical crossover design PK study using Cmax and AUC as metrics, which is used for 

demonstrating BE of systemically acting orally administered drugs and described above, 

is recommended. It should be remarked that drug plasma concentration represent drug 

that is absorbed via the GI tract and the lung for OIDPs with a relevant oral 

bioavailability.  

Pharmacodynamic or clinical endpoint studies 

The FDA requires comparative pharmcodynamic and clinical endpoint studies for 

demonstration of an equivalent pulmonary efficacy profile between a generic and the 

innovator product. However, a sensitive and robust metric for testing equivalence in 

pulmonary efficacy has not been established up to date.  

EMA Approach 

A schematic of the EMA approach for establishing BE of OIDPs is shown in 

Figure 1-5. In principle, the EMA allows the generic company to choose which method 

(in vitro study, PK study, or PD study) to use for establishing both an equivalent 

systemic safety profile and an equivalent pulmonary efficacy profile. Furthermore, in 

case one of the selected methods fails to show BE, the EMA gives the option of using a 

different method.  
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Figure 1-1. Market approval of innovator and generic products 
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Figure 1-2. Bioequivalence approach for systemically acting orally administered drug 

products 

 

 
Figure 1-3. Bioequivalence approach for locally acting orally inhaled drug products 
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Figure 1-4. Aggregate weight of evidence approach for establishment of bioequivalence 

(BE) of orally inhaled drug products (OIDPs), adapted from reference (7) 
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Figure 1-5. EMA approach for establishment of bioequivalence (BE) of orally inhaled 

drug products (OIDPs) 
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CHAPTER 2 
A STABILITY ANALYSIS OF A MODIFIED VERSION OF THE CHI-SQUARE RATIO 
STATISTIC: IMPLICATIONS FOR EQUIVALENCE TESTING OF AERODYNAMIC 

PARTICLE SIZE DISTRIBUTION1 

Background 

The FDA’s current thinking for establishing bioequivalence (BE) of orally inhaled 

drug products (OIDPs) is based upon the aggregate weight of scientific evidence. In this 

approach, demonstration of equivalence in aerodynamic particle size distribution 

(APSD) constitutes one of key in vitro tests for supporting BE between test (T) and 

reference (R) OIDPs (7). APSD is assessed through multistage cascade impaction - a 

method evaluating the size distribution of the emitted dose on the basis of size 

dependent particle inertia with an Andersen Cascade Impactor (ACI) or Next Generation 

Impactor (NGI). This test provides an important in vitro performance attribute, as APSD 

is believed to affect the total and regional deposition of drug(s) in the lung and therefore 

influence the safety and efficacy of OIDPs. For comparing cascade impactor (CI) 

profiles of T and R products, an accurate, sensitive and robust statistical method 

comparing APSD profiles across the relevant deposition sites is desirable. Besides 

other proposed methods (8, 9), a chi-square ratio statistic (CSRS) was proposed by the 

FDA for equivalence testing of CI profiles in the June 1999 Draft Guidance for Industry: 

Bioavailability and Bioequivalence Studies for Nasal Aerosols and Nasal Sprays for 

Local Action (10) and discussed by Cheng and Shao (11) that allowed univariate 

                                            
1
 Chapter 2 was originally published in the AAPS Journal. Weber B, Hochhaus G, Adams W, Lionberger 

R, Li B, Tsong Y, Lee SL. A stability analysis of a modified version of the chi-square ratio statistic: 
implications for equivalence testing of aerodynamic particle size distribution. AAPS J 2013; 15(1): 1-9 
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cumulative assessment of the entire multivariate CI profiles. The computational form of 

the 1999 CSRS is given in Eq. 2-12. 
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where p represents the number of deposition sites of the CI profile, Tij represents 

the normalized deposition (i.e., by dividing the absolute deposition on each individual 

site by the total deposition on all sites under consideration (%)) on the ith site (i = 1, …, 

p) of the jth CI profile (j = 1, …, nT) of the T sample, Rik and Rim represent the normalized 

deposition on the ith site of the kth and mth CI profile (k  m = 1, …, nR) of the R sample, 

respectively. nT and nR represent the number of CI profile samples that were obtained 

from the T and R product, respectively. The kth and mth CI profile are two different 

samples obtained from the same R product (e.g., different units from the same batch or 

different batches of the R product). The Product Quality Research Institute (PQRI) 

“Aerodynamic Particle Size Distribution (APSD) Profile Comparisons Working Group” 

(WG) evaluated the suitability of the CSRS to discriminate between equivalent and 

inequivalent APSD profiles by applying the CSRS on all individual deposition sites (e.g., 

amount of drug deposited within the MDI actuator, on mouthpiece adaptor and within 

the throat, and on CI stages including filter) and a constant critical value (i.e., a cut-off 

value for equivalence testing). The PQRI WG concluded that the CSRS could not 

consistently discriminate between equivalent and inequivalent CI profiles (12, 13). 

However, no alternative approach was proposed at that time. 

                                            
2
 The notation of the CSRS was adjusted from the original version to be able to directly compare it to the 

mCSRS 
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In particular, the PQRI WG demonstrated that the behavior of the CSRS was 

dependent on the shape and the number of deposition sites of the CI profile (12). Since 

the “stability” of the CSRS increased as the number of deposition sites of the CI profiles 

increased, the PQRI WG concluded that the CSRS could not be applied to a reduced 

number of deposition sites of the CI profile (e.g., deposition sites that may be more 

related to lung deposition) (12, 13). This non-applicability to a reduced number of 

deposition sites was one of the major limitations of the CSRS since the CSRS was 

demonstrated to be more sensitive to changes in high deposition sites (e.g., throat or 

pre-separator), which may not be relevant for the performance of an OIDP with respect 

to lung deposition. 

The objective of this study was to develop a robust and sensitive methodology for 

assessing equivalence of APSD profiles of T and R OIDPs. We proposed a modified 

version of the CSRS (mCSRS, Eq. 2-2) and evaluated systematically its behavior when 

T and R CI profiles were identical or differed from each other on single or multiple 

deposition site(s). The results of this evaluation are published as a series of three 

articles. In this article (Part I), the computational form of the mCSRS is introduced and 

the behavior of the mCSRS, when T and R CI profiles are identical, is characterized and 

hypothesized to be robust.3 Subsequent publications will continue to characterize the 

behavior of the mCSRS. In the second article (Part II), the behavior of the mCSRS 

when T and R CI profiles differ from each other on a single or multiple deposition site(s) 

will be characterized. In the third article (Part III), a stepwise APSD equivalence testing 

procedure is proposed that uses the mCSRS within a series of statistical tests. The 

                                            
3
 The sub-optimal behavior of the CSRS within this task was one of the reasons for the PQRI WG to 

conclude that the CSRS was not robust 
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sensitivity and robustness of this overall procedure is evaluated by categorizing 55 

“representative” CI profile scenarios (13-15), which were judged by the PQRI WG 

members as equivalent or inequivalent.  

Definition of a Modified Version of the CSRS 

The computational form of the mCSRS is given in Eq. 2-2. 
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where p was defined above, Tij and Rik represent the normalized deposition on 

the ith site of the jth CI profile (j = 1, …, nT) of the T sample and on the ith site of the kth CI 

profile (k = 1, …, nR) of the R sample, respectively, nT and nR are defined above, and  

represents the sample mean on the ith stage of all R CI profiles. Similar to the CSRS 

(Eq. 2-1), the numerator and denominator of the mCSRS represent a measure of the T-

to-R and R-to-R distance, respectively. By design, for a constant denominator, the 

numerator of the mCSRS increases with increasing difference in mean deposition 

between T and R CI profiles and with increasing variability of the T product, and 

decreases with decreasing variability of the T product. Hence, the mCSRS rewards or 

penalizes the T product for having a lower or higher variability than the R product, 

respectively. Unlike for the computation of the CSRS, where a triplet of CI profiles (i.e., 

one T and two distinct R CI profiles) is required, the mCSRS only requires sampling of a 

pair of CI profiles (i.e., one T and one R profile). 

Comparison to Pearson’s chi-square statistic for goodness-of-fit tests (16) (Eq. 2-

3) shows a similarity between Pearson’s chi-square statistic and both the numerator and 

denominator of the mCSRS. 
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where q represents the number of cells (translates into the number of deposition 

sites in a CI profile). Or represents the observed cell count (translates into percentage of 

drug on ith deposition site of T or R CI profiles) in the rth cell (m = 1, …, q) and Er 

represents the expected cell count in the rth cell (translates to true percentage of drug 

on the ith deposition site of the R CI profile). Whereas Pearson’s chi-square statistic 

compares observations to expectations (true values), both the numerator and 

denominator of the mCSRS compare individual CI profiles (T and R, respectively) to the 

average CI profile of the R product. In the context of BE, however,  ̅  (Eq. 2-2) can be 

viewed as an estimator for the expected (true) deposition on the ith site of both the T and 

R product. Hence, both numerator and denominator of the mCSRS compare, in some 

sense, observations (i.e., two individual CI profiles (T and R)) to expectations ( ̅). 

The similarity of both the numerator and the denominator of the mCSRS (Eq. 2-

2) and Pearson’s chi-square statistic (Eq. 2-3) was expected to result in a favorable 

distributional behavior of the mCSRS, namely that of an approximate F distribution (17), 

when certain criteria are met (see Discussion).4 

Methods 

The behavior of the mCSRS was evaluated and compared to that of the CSRS 

with respect to the capability to conclude equivalence when T and R CI profiles are 

identical (i.e., the same set of CI profiles is used for both T and R) under a wide range 

of possible situations (i.e., CI profiles differ in the shape of the overall profiles and 

                                            
4
 Before any evaluation of the behavior of the mCSRS was performed, it was thought that it was beneficial 

when the mCSRS followed a known distribution 
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variability on the sites). This was done, as a robust test statistic mCSRS should be 

independent of the shape and number of deposition sites when T and R CI profiles are 

identical.  

All evaluations were based upon simulated CI profiles (see below). This allowed 

evaluating the performance of the mCSRS in all theoretically conceivable CI profile 

scenarios. CI profile simulations and all computations were performed in the statistical 

software ‘R’ (18). Computationally intensive simulation algorithms were run on ‘Betsy’, a 

high performance scientific computer provided by the FDA/CDRH/OSEL Scientific 

Computing Laboratory. The ‘Betsy’ cluster is comprised of 110 IBM system x3650 M2 8-

core diskless compute nodes each containing eight Intel(R) Xeon(R) CPUs @ 2.67GHz 

with shared RAM of 24 GB per node. The ‘Betsy’ cluster was equipped with ‘R’ version 

2.10.1. 

The simulated CI profiles used for this evaluation were constructed based on a 

so-called “beta distribution approach” that was introduced by the PQRI WG and used for 

their initial evaluation of the CSRS when T and R CI profiles were identical (12). Details 

about this CI profile simulation approach were described by the PQRI WG (12). Briefly, 

rank-ordered CI profiles (i.e., deposition sites were ordered according to their 

decreasing magnitude of normalized drug deposition (% of drug on an individual 

deposition site relative to total amount of drug on the entire CI profile; see Figure 2-1 

and Supplemental Materials)) were modeled by controlling three parameters, the shape 

of the profile (uniform to maximally skewed), the standard deviation on the first 

deposition site (low to high), and the linear change of the coefficient of variation (CV) 

across sites (no change to maximum change). Furthermore, normally distributed 
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deposition on each site5, and no inter-site correlation were assumed in this approach. 

Eight extreme CI profile scenarios (“beta scenarios”; Table 2-1, Figure 2-1 and Figure 2-

2) could therefore be modeled by systematically changing each of the three parameters 

(shape, standard deviation of first site, and change in CV). In addition, these eight 

scenarios were applied for CI profiles comprising 13, 8, and 4 deposition sites to cover a 

wide range of CI setups. Thus, a total number of 24 CI profile scenarios were evaluated. 

CI profiles were simulated in units of mass deposition and, subsequently, normalized by 

dividing the mass on individual sites by the total mass of all deposition sites. 

For each of the 24 scenarios, a set of 30 CI profiles was generated based upon 

the respective mean and standard deviation of the rank-ordered (see above) CI profiles. 

If a negative deposition on a site was simulated, its value was set to 0.001 mcg. This 

value was selected as it could possibly represent a reasonable lower limit of 

quantification on a deposition site (see Discussion). The set of 30 CI profiles was then 

used as both T and R CI profiles. The number of T and R CI profiles was in accordance 

with the recommendations in the June 1999 Draft Guidance for Industry: Bioavailability 

and Bioequivalence Studies for Nasal Aerosols and Nasal Sprays for Local Action and 

the analysis of the PQRI working group (10, 12, 13). The mCSRS (Eq. 2-2) was then 

applied to all 900 possible pairs (30 T * 30 R) comprising one T and one R CI profile 

and, consequently, the distribution of the 900 mCSRSs was obtained. Six metrics, the 

5th, 10th, 50th (median), 90th, 95th percentiles and the mean of the distribution of the 900 

mCSRSs, were then calculated. These six metrics were potential candidates for a test 

statistic for the mCSRS and should provide some information about the distributional 

                                            
5
 Checking normality assumptions of real CI profiles showed that the assumption of a normally distributed 

depositions on sites is reasonable 
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behavior of the mCSRS. This procedure was replicated 20,000 times and the averages 

(of the 20,000 replicates) of each of the six metrics were determined for each of the 24 

scenarios. Furthermore, the averages of the six metrics of the distribution of the 900 

mCSRSs were compared to their theoretical equivalents of an F-distribution (17). This 

comparison was performed since it was expected that the distribution of the 900 

mCSRSs is approximately an F distribution when certain criteria are met (see 

Discussion). 

The same analysis was performed for the CSRS. However, the CSRS (Eq. 2-1) 

was applied to all 13050 (30 T * 0.5*(30 * 29) R) possible triplets comprising one T and 

two distinct R profiles. It should be noted that this evaluation of the CSRS differed 

slightly (see Discussion) from the algorithm that was originally proposed (15). This 

alteration was needed in order to directly compare the performance of the mCSRS with 

that of the CSRS.  

Results 

mCSRS 

For each of the 24 scenarios (8 profile shapes for 13, 8, and 4 deposition sites), 

the averages (n = 20,000) of each of the six metrics (see above) and their theoretical 

equivalents of the respective F distribution are presented in Table 2-2, Table 2-3, and 

Table 2-4. All six metrics were viable candidates for a robust and sensitive metric for 

comparing T and R CI profiles. The median of the distribution of 900 mCSRSs 

(MmCSRS) was equal to one regardless of the shape and the number of stages of the 

CI profiles. All other metrics varied across CI profiles with a different shape and number 

of deposition sites. Numerical comparison of the empirical percentiles/means (Table 2-

2, Table 2-3, and Table 2-4) and visual comparison of the histograms (examples shown 
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for eight deposition stages, Figure 2-3 and Figure 2-4) of the distributions of the 900 

mCSRSs to those of the respective F-distribution show a certain agreement for the 

uniformly shaped beta scenarios (i.e. #1, 2, 5, and 6, Figure 2-1 and Figure 2-2). For 

those scenarios, the similarity between the empirical percentiles/mean of the distribution 

of the 900 mCSRSs and those of the respective F-distribution was confirmed by a 

Kolmogorov-Smirnov test (18) (results not shown).  

CSRS 

For each of the 24 scenarios, the averages (n = 20,000) of each of the six 

metrics of the distribution of 13050 CSRSs and their theoretical equivalents of the 

respective F distribution are presented in Table 2-5, Table 2-6, and Table 2-7. None of 

the metrics (5th, 10th, 50th, 90th, 95th percentiles and the mean) returned the same value 

(in average) across the 24 beta scenarios. The median of the distribution of 13050 

original CSRS was close to 0.7 (in average) and varied the least across the 24 

scenarios when compared with the other metrics. Numerical comparison of the 

empirical percentiles/mean of the distribution of 13050 CSRSs to those of the respective 

F-distribution did not show any similarities (Table 2-5, Table 2-6, and Table 2-7), which 

was confirmed by a Kolmogorov-Smirnov test (results not shown). 

Discussion 

Comparison of the mCSRS (Eq. 2-2) to Pearson’s chi-square statistic for 

goodness-of-fit tests (Eq. 2-3) indicates a similarity between Pearson’s chi-square 

statistic for goodness-of-fit tests and both the numerator and denominator of the 

mCSRS (see above). If the population mean depositions (true values) on all sites of the 

R CI profile (E[Ri]) and T CI profile (E[Ti]) were known and under the assumption of 



 

38 

identical T and R CI profiles (i.e. E[Ri] = E[Ti]), the mCSRS (Eq. 2-2) could be 

expressed as 

∑
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In this case, both the numerator and the denominator of Eq. 2-4 have the same 

form as Pearson’s chi-square statistic for goodness-of-fit tests (Eq. 2-3) and are 

expected to follow approximately a chi-square distribution (with degrees of freedom 

equal to the number of sites (p) minus one) when only a few low deposition sites are 

present6 (16, 19). Furthermore, numerator and denominator are independent of each 

other (20) and have the same degrees of freedom. Thus, under the assumption of 

identical T and R CI profiles, Eq. 2-4 is expected to follow an approximate F distribution 

(with numerator and denominator degrees of freedom equal to the number of stages 

minus one) (17, 21). Since Eq. 2-4 and the mCSRS measure the same quantity under 

the assumption of identical T and R CI profiles, the distribution of the mCSRS is 

expected to be related to an F distribution under this assumption.  

The behavior of the mCSRS when T and R CI profiles were identical was 

evaluated using CI profiles that were generated by simulation. These simulations 

assumed that drug deposition on a site is normally distributed. This assumption was 

based upon analysis of actual CI data that suggested normal distribution. Furthermore, 

it allowed comparison of the results with those of the PQRI working group that also 

assumed normal distribution during data generation (12). However, this procedure 

                                            
6
 One of the assumptions for Eq. 2-4 to follow approximately a chi-square distribution is that there are no 

(or only a few) low cell counts (deposition sites) present  
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resulted in simulation of negative depositions. Those negative values were, 

subsequently, converted to 0.001 mcg (see Methods). Analysis of actual CI data 

suggested that an amount of 0.001 mcg could represent a reasonable lower limit of 

quantification on a deposition site on a CI profile. Setting the negative values to zero 

would have been an alternative option that is not expected to have affected the results 

(see below). However, it might be a worthwhile discussion on how to deal with CI data 

that contain a lot of zero (below lower limit of quantification) deposition sites. The 

number of negative amounts was dependent on the total number of deposition sites (4, 

8, or 13) (data not shown). If the drug was deposited on a total of 4 sites, negative 

simulation data averaged 1.1% (0-5.93%) while deposition of the same dose on 13 sites 

resulted in average in 13% (0-31%) negative data. It is unlikely that this procedure 

(simulations assuming normal distribution and using 0.001 mcg as default value for 

negative data) would affect the conclusions drawn from these simulations. First, we 

assumed that T and R CI profiles were identical and, thus, potential interferences 

should cancel out. Second, the numerical value of the selected test statistic (MmCSRS) 

was one regardless of the shape and the number of deposition sites of the CI profiles 

(Table 2-2, Table 2-3, and Table 2-4), both of which affected the percentage of negative 

results. Hence, the method of data generation does not invalidate the conclusions of 

this work. 

It must be also noted that all CI profiles were generated by assuming that the 

deposition between two sites is not correlated. Furthermore, all evaluations were 

performed for a sample size of 30 T and 30 R CI profiles, which is in accordance with 

the recommendations in the June 1999 Draft Guidance for Industry: Bioavailability and 
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Bioequivalence Studies for Nasal Aerosols and Nasal Sprays for Local Action and the 

analysis of the PQRI working group (10, 12, 13).  Since T and R CI profiles were 

identical throughout this analysis of the mCSRS, it is not expected that these 

assumptions would affect the conclusion regarding the behavior of the mCSRS in this 

case. However, the influence of varying both factors will be a subject of the forthcoming 

articles when T and R profiles differ in their properties. 

One limitation of the CSRS was its non-applicability to a reduced number of 

deposition sites (e.g., deposition sites that may be more related to lung deposition) 

since the “stability” of the test statistic, which was specified in the original algorithm and 

was related to the mean of the distribution of CSRSs (15), was dependent of the 

number of depositions sites of the CI profiles (12, 13) (see Introduction).  The current 

analysis of the behavior of the CSRS when the set of T and R CI profiles were identical 

confirmed the dependency of the mean of the distribution of 13050 CSRSs on the 

number of deposition sites and shape of the CI profile (Table 2-5, Table 2-6, and Table 

2-7). Since the algorithm of the original CSRS specified obtaining a bootstrap estimate 

of the mean of a distribution of 500 randomly sampled triplets (15) rather than obtaining 

metrics from the distribution of all possible 13050 triplets, direct numerical comparison 

of the results in this article to those of the original algorithm might differ slightly. 

However, the different algorithms did not affect the conclusions. Interestingly, it 

appeared that the median of the distribution of 13050 CSRSs, which was close to 0.7, is 

the most robust metric across the 24 scenarios (Table 2-5, Table 2-6, and Table 2-7).  

On the other hand, the MmCSRS was equal to one in all 24 scenarios (Table 2-2, 

Table 2-3, and Table 2-4). Hence, the MmCSRS is independent of the shape and 
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number of deposition sites of the CI profile when the sets of T and R CI profiles are 

identical and, thus, is applicable to CI profiles with a reduced number of deposition 

sites. Furthermore, the MmCSRS returns a for ratios correct value of one when sets of 

T and R CI profiles are identical. All other metrics (e.g., P95 or P99) varied across the 

24 scenarios and, thus, were not considered as potential test statistics for APSD 

equivalence testing. It must be noted that those percentiles (e.g., P95 or P99) were not 

evaluated as potential metrics for constructing confidence intervals for APSD 

equivalence testing based on the mCSRS. A method for constructing confidence 

intervals for the MmCSRS will be introduced and discussed in a forthcoming publication 

(Part III). 

It is desirable for a new statistical metric to follow a known distribution. If certain 

criteria are met, the distribution of the 900 mCSRSs is expected to follow an 

approximate F-distribution (see above). Indeed for CI profiles with only a few or no low 

deposition sites (beta scenarios 1, 2, 5, and 6, Figure 2-1 and Supplemental Materials), 

the similarity between the distribution of 900 mCSRSs and the F-distribution was 

empirically confirmed by numerical comparison of the six metrics (see above) of the 

distribution of the 900 mCSRSs to their theoretical equivalents of the respective F-

distribution (Table 2-2, Table 2-3, and Table 2-4) and by visual inspection of the 

histograms of the distributions of the 900 mCSRSs (Figure 2-3 and Figure 2-4). 

Comparison of those metrics for more skewed CI profiles (i.e. more low deposition sites 

are present) indicated that the agreement between the distribution of 900 mCSRS and 

the F distribution is worsening (Table 2-2, Table 2-3, and Table 2-4). However, the 

MmCSRS remains stable. 
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Even though the characteristic, that the distribution of the 900 mCSRS seems to 

be approximately F distributed when T and R CI profiles are identical and only a few low 

deposition sites are present, seems to be a desirable feature, it might not be of any 

practical relevance as realistic CI profiles are very likely to show several low deposition 

sites. Nonetheless, the MmCSRS is not affected by these distributional considerations 

and is equal to one for all 24 scenarios regardless of the number of deposition sites and 

shape of the CI profiles. 

On the other hand, numerical comparison of the six metrics of the distribution of 

13050 CSRSs to their theoretical equivalents of the respective F distribution (Table 2-5, 

Table 2-6, and Table 2-7) shows that the CSRS does not follow an approximate F 

distribution in any of the cases under consideration. These results support findings of a 

more detailed analysis of the CSRS, its relationship to the F distribution, and a 

discussion on independence of its numerator and denominator (22).  

Since the 24 scenarios covered in this evaluation are expected to cover all 

possible CI profiles, the robustness of the MmCSRS was demonstrated in cases when 

the T and R CI profiles are identical. Thus, this result suggests that the MmCSRS is a 

potential test statistic for APSD equivalence testing. 

Summary 

The current analysis suggests that MmCSRS is independent of the shape and 

number of deposition sites of a CI profile and is equal to one when T and R CI profiles 

are identical. Hence, the MmCSRS is a robust metric and, thus, is potentially useful as 

test statistic for APSD equivalence testing. Moreover, the MmCSRS could be applied to 

CI profiles comprising a reduced number of deposition sites (e.g., sites that may be 

more relevant for lung deposition). The behavior of the MmCSRS when T and R CI 
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profiles differ from each other on a single or multiple deposition site(s) will be evaluated 

in a forthcoming article (Part II) in order to better understand the suitability of the 

MmCSRS for APSD equivalence testing. 
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Table 2-1. “Beta Scenarios” 

Beta Scenario Profile Shape SD First Stage Change in CV 

1 Uniform Low Low 

2 Uniform High Low 

3 Skewed Low Low 

4 Skewed High Low 

5 Uniform Low High 

6 Uniform High High 

7 Skewed Low High 

8 Skewed High High 

Profile Shape: shape of the rank-ordered CI profile (for uniform and skewed profiles the beta parameter of 
the beta distribution was set to 1 and 4 respectively), SD First Stage: standard deviation of the first stage 
of the rank-ordered CI profile (low: 1, high 10), Change in CV: magnitude of increase in coefficient of 
variation from the first to the last stage of the rank-ordered CI profile (low: 0, high: 15). Detailed 
information on the parameters values is available elsewhere (7). 

 
Table 2-2. Distribution (percentiles and mean) of mCSRS (900 pairs) across the eight 

“beta scenarios” (13 deposition sites, identical sets of 30 T and 30 R CI 
profiles) 

Beta Scenario P5 P10 P50 P90 P95 Mean 

1 0.38 0.47 1.00 2.16 2.70 1.20 

2 0.36 0.45 1.00 2.23 2.81 1.22 

3 0.24 0.32 1.00 3.17 4.44 1.50 

4 0.21 0.29 1.00 3.56 5.12 1.62 

5 0.36 0.46 1.00 2.22 2.81 1.22 

6 0.36 0.45 1.00 2.26 2.86 1.22 

7 0.31 0.40 1.00 2.55 3.36 1.31 

8 0.27 0.36 1.00 2.85 3.86 1.40 

F(12,12) 0.37 0.47 1.00 2.15 2.69 1.20 

Results are represented as averages (n = 20,000), F(12,12): theoretical percentiles and expected value of 
the F distribution with 12 numerator and 12 denominator degrees of freedom, P5: 5

th
 percentile, P10: 10

th
 

percentile, P50: Median, P90: 90
th
 percentile, P95: 95

th 
percentile 
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Table 2-3. Distribution (percentiles and mean) of mCSRS (900 pairs) across the eight 

“beta scenarios” (8 deposition sites, identical sets of 30 T and 30 R CI 
profiles) 

Beta Scenario P5 P10 P50 P90 P95 Mean 

1 0.27 0.37 1.00 2.79 3.81 1.39 

2 0.26 0.35 1.00 2.95 4.11 1.45 

3 0.14 0.22 1.00 4.77 7.58 2.12 

4 0.13 0.21 1.00 5.07 8.18 2.25 

5 0.24 0.34 1.00 3.07 4.38 1.49 

6 0.27 0.36 1.00 2.83 3.88 1.41 

7 0.20 0.28 1.00 3.63 5.35 1.68 

8 0.18 0.26 1.00 3.95 5.96 1.80 

F(7,7) 0.26 0.36 1.00 2.78 3.79 1.40 

Results are represented as averages (n = 20,000), F(7,7): theoretical percentiles and expected value of 
the F distribution with 7 numerator and 7 denominator degrees of freedom, P5: 5

th
 percentile, P10: 10

th
 

percentile, P50: Median, P90: 90
th
 percentile, P95: 95

th 
percentile 

 
Table 2-4. Distribution (percentiles and mean) of mCSRS (900 pairs) across the eight 

“beta scenarios” (4 deposition sites, identical sets of 30 T and 30 R CI 
profiles) 

Beta Scenario P5 P10 P50 P90 P95 Mean 

1 0.12 0.20 1.00 5.51 9.94 2.94 

2 0.10 0.17 1.00 6.32 11.62 3.40 

3 0.04 0.08 1.00 13.98 34.43 22.41 

4 0.04 0.08 1.00 14.28 35.22 26.49 

5 0.08 0.14 1.00 7.72 14.60 4.30 

6 0.10 0.17 1.00 6.21 11.49 3.34 

7 0.06 0.12 1.00 9.83 23.76 11.56 

8 0.05 0.10 1.00 11.07 26.54 11.59 

F(3,3) 0.11 0.19 1.00 5.39 9.28 3.00 

Results are represented as averages (n = 20,000), F(3,3): theoretical percentiles and expected value of 
the F distribution with 3 numerator and 3 denominator degrees of freedom, P5: 5

th
 percentile, P10: 10

th
 

percentile, P50: Median, P90: 90
th
 percentile, P95: 95

th 
percentile 
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Table 2-5. Distribution (percentiles and mean) of CSRS (13500 triplets) across the eight 

“beta scenarios” (13 deposition sites, identical sets of 30 T and 30 R CI 
profiles) 

Beta Scenario P5 P10 P50 P90 P95 Mean 

1 0.25 0.26 0.71 1.58 1.99 0.86 

2 0.30 0.35 0.76 1.47 1.78 0.86 

3 0.17 0.24 0.69 2.31 3.25 1.08 

4 0.17 0.22 0.68 2.43 3.50 1.12 

5 0.28 0.33 0.75 1.60 2.02 0.90 

6 0.31 0.36 0.79 1.49 1.80 0.89 

7 0.22 0.27 0.70 1.91 2.55 0.96 

8 0.23 0.27 0.71 1.91 2.53 0.96 

F(12,12) 0.37 0.47 1.00 2.15 2.69 1.20 

Results are represented as averages (n = 20,000), F(12,12): theoretical percentiles and expected value of 
the F distribution with 12 numerator and 12 denominator degrees of freedom, P5: 5

th
 percentile, P10: 10

th
 

percentile, P50: Median, P90: 90
th
 percentile, P95: 95

th 
percentile 

 
Table 2-6. Distribution (percentiles and mean) of CSRS (13500 triplets) across the eight 

“beta scenarios” (8 deposition sites, identical sets of 30 T and 30 R CI 
profiles) 

Beta Scenario P5 P10 P50 P90 P95 Mean 

1 0.20 0.25 0.70 2.03 2.77 1.00 

2 0.22 0.27 0.71 1.87 2.50 0.96 

3 0.11 0.17 0.67 3.41 5.42 1.53 

4 0.10 0.16 0.67 3.49 5.60 1.57 

5 0.18 0.24 0.70 2.28 3.28 1.11 

6 0.25 0.30 0.74 1.84 2.43 0.98 

7 0.14 0.20 0.67 2.69 4.01 1.23 

8 0.14 0.20 0.68 2.70 4.04 1.24 

F(7,7) 0.26 0.36 1.00 2.78 3.79 1.40 

Results are represented as averages (n = 20,000), F(7,7): theoretical percentiles and expected value of 
the F distribution with 7 numerator and 7 denominator degrees of freedom, P5: 5

th
 percentile, P10: 10

th
 

percentile, P50: Median, P90: 90
th
 percentile, P95: 95

th 
percentile 
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Table 2-7. Distribution (percentiles and mean) of CSRS (13500 triplets) across the eight 

“beta scenarios” (4 deposition sites, identical sets of 30 T and 30 R CI 
profiles) represented as the average (n = 20,000) 

Beta Scenario P5 P10 P50 P90 P95 Mean 

1 0.09 0.15 0.67 3.83 6.64 2.11 

2 0.08 0.14 0.65 4.01 7.05 2.26 

3 0.03 0.06 0.63 9.22 20.78 24.01 

4 0.03 0.06 0.63 9.28 21.02 18.07 

5 0.06 0.11 0.62 5.63 10.80 3.46 

6 0.08 0.14 0.65 3.95 7.04 3.04 

7 0.04 0.09 0.64 6.60 14.19 11.08 

8 0.04 0.08 0.63 7.14 15.57 14.69 

F(3,3) 0.11 0.19 1.00 5.39 9.28 3.00 

Results are represented as averages (n = 20,000), F(3,3): theoretical percentiles and expected value of 
the F distribution with 3 numerator and 3 denominator degrees of freedom, P5: 5

th
 percentile, P10: 10

th
 

percentile, P50: Median, P90: 90
th
 percentile, P95: 95

th 
percentile 
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Figure 2-1. Representative CI profile plots (rank-ordered, see Methods) of “beta 

scenarios” 1 – 8 for 13 deposition sites 

 

 
Figure 2-2. Representative CI profile plots (rank-ordered, see Methods) of “beta 

scenarios” 1 – 8 for 8 deposition sites 
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Figure 2-3. Comparison of distribution of the 900 mCSRSs (histogram) and F 

distribution with 7 numerator and 7 denominator degrees of freedom (solid 
line) for “beta scenarios” 1 – 4 and 8 deposition sites, representative 
examples are displayed 
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Figure 2-4. Comparison of distribution of the 900 mCSRSs (histogram) and F 

distribution with 7 numerator and 7 denominator degrees of freedom (solid 
line) for “beta scenarios” 5 – 8 and 8 deposition sites, representative 
examples are displayed 
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CHAPTER 3 
A SENSITIVITY ANALYSIS OF THE MODIFIED CHI-SQUARE RATIO STATISTIC 

FOR EQUIVALENCE TESTING OF AERODYNAMIC PARTICLE SIZE DISTRIBUTION1 

Background 

Demonstration of equivalence in aerodynamic particle size distribution (APSD) is 

one of several key components in the aggregate weight of scientific evidence approach 

that the FDA proposed for establishing bioequivalence (BE) of orally inhaled drug 

products (OIDPs) (7). APSD equivalence between a test (T) and reference (R) OIDP 

can be assessed by comparative analysis of multi-stage cascade impactor (CI) (e.g., 

Andersen Cascade Impactor (ACI) or Next Generation Impactor (NGI)) data. A modified 

chi-square ratio statistic (mCSRS, Eq. 3-1) was introduced as a potential metric for 

equivalence testing of APSD in the first part of this series of three articles (23). 

        
∑

(     ̅ )
 

 ̅ 

 
   

∑
(     ̅ )

 

 ̅ 

 
   

          (3-1) 

where p represents the number of deposition sites of the CI profile, Tij and Rik 

represent the normalized deposition (i.e., by the dividing the absolute deposition on the 

ith site by the total deposition on all sites under consideration) on the ith site of the jth CI 

profile (j = 1, …, nT) of the T sample and on the ith site of the kth CI profile (k = 1, …, nR) 

of the R sample, respectively. nT and nR represent the number of CI profile samples that 

were obtained from the T and R product, respectively, and  ̅  represents the sample 

mean on the ith site of all R CI profiles.  

                                            
1
 Chapter 3 was originally published in the AAPS Journal. Weber B, Lee SL, Lionberger R, Li BV, Tsong 

Y, Hochhaus G. A Sensitivity Analysis of the Modified Chi-square Ratio Statistic for Equivalence Testing 
of Aerodynamic Particle Size Distribution. AAPS J Jan 24. [Epub ahead of print] 
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The mCSRS is a modified version of the CSRS that was proposed as a statistical 

method for equivalence testing of CI profiles in the June 1999 Draft Guidance for 

Industry: Bioavailability and Bioequivalence Studies for Nasal Aerosols and Nasal 

Sprays for Local Action (10). The previous study (23) evaluated the behavior of the 

distribution of the 900 mCSRSs of 30 T and 30 R CI profiles when the two products 

were identical (i.e., all 60 CI profiles originate from the same product). The key finding of 

this study was that the median of the distribution of 900 mCSRSs (MmCSRS) 

consistently yields one when T and R CI profiles are identical regardless of the shape 

and number of deposition sites of a CI profile. Hence, the MmCSRS is a potential test 

statistic for APSD equivalence testing and can be applied to deposition sites that may 

be considered more relevant to lung deposition. In contrast, it was reported that the 

“stability” of the test statistic for the CSRS was dependent on the shape and decreased 

with the number of CI deposition sites, and thus this metric could not be applied to a CI 

profile with a reduced number of deposition sites (12, 13). 

However, the application of the MmCSRS for the APSD equivalence testing 

warrants adequate understanding of the behavior of this metric when T and R CI 

profiles differ from each other. In this article, the behavior of the MmCSRS when T and 

R CI profiles differed were systemically evaluated in a serious of simulations that varied 

in complexity with respect to both differences in mean deposition (single site vs. multiple 

site differences) and variability (variability of the T product is identical or differs from that 

of the R product). 

Methods 

Monte-Carlo simulations were used to generate CI profiles that were, 

subsequently, used for evaluating the behavior of the MmCSRS. Within these 
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simulations, CI profiles with defined mean depositions and variability were generated 

from a p-dimensional random vector X with p-dimensional population mean vector μ and 

p*p-dimensional population covariance matrix Σ, where p represents the number of 

deposition sites of the CI profile. The ith element (i = 1, …, p) of X and μ represented the 

observed deposition and the population mean deposition on the ith site of the CI profile, 

respectively. The ith diagonal element of Σ represented the population variance on the ith 

site of the CI profile. The off-diagonal elements of Σ represented the population 

covariance between two sites of the CI profile. Furthermore, it was assumed that X 

follows a multivariate normal distribution (24, 25). The ‘R’ extension package ‘mvtnorm’ 

(26) was used for random sample generation from the multivariate normal distribution. 

In the case that a negative deposition on a site was simulated, its value was set to 

0.001 mcg. A discussion on the selection of this value and the assumption of normally 

distributed CI data is given in the first paper of the series of three publications (23). In 

this paper, ‘observed’ T and R CI profiles were based on simulated profiles defined by 

their respective population mean vectors and their respective population covariance 

matrices. Differences in mean deposition on a single or multiple site(s) between two CI 

profiles were achieved by altering the respective elements of μ accordingly. Variability 

adjustment (i.e. when two CI profiles differed in their variability) without affecting the 

inter-site correlation (i.e., the correlation between the deposition on different sites) was 

achieved by decomposition of the Σ as 

     ⁄     ⁄            (3-2) 

where D1/2 is a matrix whose ith diagonal element represents the population 

standard deviation of the ith site of the CI profile and R is the population (inter-site) 
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correlation matrix. Thus, the variability of the ith site was modified by changing the ith 

diagonal entry in D1/2. CI profiles were simulated in units of mass deposition and, 

subsequently, normalized by dividing the mass on individual sites by the total mass of 

all deposition sites. It should be emphasized here that differences between T and R CI 

profiles always apply to absolute depositions (i.e., mcg scale) and that the mCSRS is 

always applied to normalized CI profiles throughout this articles. In the case of the 

single site differences, a difference in absolute deposition resulted in difference on all 

deposition sites after normalization (see below). In the case of multiple site differences, 

differences in absolute deposition were constructed such that the mass balance was 

maintained even prior to normalization (see below). 

Evaluation of the Behavior of the MmCSRS when T and R CI Profiles Differ From 
Each Other on a Single Deposition Site  

For scenarios where the T and R CI profiles differed from each other in their 

mean deposition on a single site, the behavior of the MmCSRS was characterized for T 

and R CI profiles with the same variability as well as for T CI profiles that were more 

and less variable than the R CI profiles. μ and Σ of the R CI profiles were based upon a 

modified version of actual CI data, which comprised 11 deposition sites. Specifically, the 

R CI profile was supposed to represent a typical CI profile of OIDPs, such as nebulizers, 

and allowed evaluation of the effect of the location (e.g., low vs. high deposition sites) of 

single site changes on the MmCSRS. The mean depositions and standard deviations of 

all deposition sites are displayed in Figure 3-1. The inter-site correlation structure is 

provided as supplemental material (Table 3-3). 
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Single site mean difference – T and R CI profiles with identical variability 

T and R CI profiles differed from each other on a single site in their mean 

deposition by -90%, -80%, -70%, …, -10%, 0%, 10%, …, 70%, 80%, or 90%. For 

instance, if the deposition on site 1 of the R CI profile is 5 mcg and a 60% mean 

difference was studied, then the deposition on site 1 of the T CI profile is changed to 

1.6*5 = 8 mcg. Subsequently, the deposition on all sites is normalized to % of the total 

deposition (see above) and, as a consequence, there will be a mean difference between 

T and R on all deposition sites (in % scale but not in mcg scale). The above differences 

were applied to all of the 11 deposition sites, one site at a time. T and R CI profiles had 

the same variability. Thus, a total number of 209 (19*11) scenarios were generated in 

this part of the study.  

Single site mean difference – T and R CI profiles with different variability 

T and R CI profiles differed from each other on a single site in their mean 

deposition by 10% or 30%2. These differences were applied to the deposition sites 1, 7, 

3, and 11 (Figure 3-1) that represent high (approximately 53% of total deposition (i.e., 

194.51 mg of 366.55 mg), medium (11.7%), low (4.7%) and very low (0.36%) deposition 

sites, respectively. The effects of these differences on the MmCSRS were evaluated for 

R products with a high variability (variances increased by a factor of five compared to 

Table 3-3), medium variability (variances identical to Table 3-3), and low variabilty 

(variances decreased by a factor of five compared to Table 3-3). Furthermore, the 

variability of the T CI profiles was adjusted such that the T/R variability ratio was 0.1, 

0.2, 0.5, 2, 5, or 10 on all sites. The T/R variability ratio was assumed to be the same on 

                                            
2
 These two numbers were arbitrarily chosen but could possibly represent accepted differences for 

equivalence testing of CI profiles  
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all deposition sites to keep the complexity of the results and their interpretation at a 

manageable level. However, the inter-site correlation structure (Table 3-3) was 

maintained. A total number of 168 (2*4*3*7) scenarios were generated in this part of the 

study. 

For each of these 377 scenarios (209 with identical + 168 with different 

variability), 20,000 sets of 30 T and 30 R CI profiles were simulated and the MmCSRS 

was recorded for all of the 20,000 sets. The average of the 20,000 MmCSRS was then 

used for evaluating the effect of single site differences between T and R CI profiles on 

the behavior of the MmCSRS.  

Since the T and R CI profiles were constructed by modification of the absolute 

deposition but the mCSRS is applied to normalized CI profiles (see above), the 

normalized squared difference reference scaled (NSDRS, Eq. 3-3)) was designed to 

correlate (i.e., regression analysis) the observed differences in MmCSRS and the 

differences between T and R CI profiles (after normalization) between the 209 scenarios 

for which T and R CI profiles had the same variability. 

      ∑
(  
   

   
   

)
 

 
 
   

 
             (3-3) 

where p is defined above and   
   

 and   
   

 represent the ith element of the 

normalized population mean vectors of the T and R CI profiles, respectively. The 

NSDRS is introduced here to provide a numerical description for the expected behavior 

of the MmCSRS when T and R CI profiles differ from each other on a single site (i.e., a 

difference on a single site in absolute deposition will results in a difference on all sites 

after normalization; see above and Discussion). 
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Evaluation of the Behavior of the MmCSRS when T and R CI Profiles Differ From 
Each Other on Multiple Deposition Sites  

Since the value of the MmCSRS, according to its computational form, is 

independent of the ordering of the deposition sites it was sufficient to systematically 

study rank-ordered CI profiles (i.e., deposition sites were ordered according to their 

decreasing magnitude of normalized drug deposition). The CI profiles M1 – M10 (Figure 

3-2, presented as rank-ordered CI profile of different shapes) were used for assessment 

of the impact of changes on multiple deposition sites on the behavior of the MmCSRS. 

All of the ten CI profiles M1 – M10 consisted of 8 deposition sites that could, for 

instance, represent the sites that are comprised in the definition of the impactor-sized 

mass (ISM)3 for the Andersen CI (see Discussion). The mean vectors of CI profiles M1–

10 were constructed as follows to cover a wide range of theoretically possible CI profiles 

(i.e., from a uniform to extremely skewed distribution) and to facilitate the understanding 

of the complex analysis related to multiple-site changes. The deposition on all eight 

sites summed up to 100 μg for both T and R CI profiles. Furthermore, the following two 

restrictions were made in order to maintain the total deposition mass of 100 μg after 

differences on multiple deposition sites between T and R CI profiles were introduced. 

First, for the R CI profiles, the deposition on one site was equal to that of at least one 

other site. Second, the T CI profiles were constructed by letting the deposition on four 

sites be higher than those of the R CI profile and the deposition on the other four sites 

be lower than those of the R CI profile, while pairing two sites with identical depositions. 

Table 3-1 gives the mean vectors of two specific T and R CI profiles for better 

                                            
3
 ISM is defined as the sum of the drug mass on all CI stages plus the filter, but excluding the initial stage 

because of its lack of a specified upper cutoff size limit (3). 
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illustration of this procedure. In order to facilitate interpretation of the results, the 

variances of the CI profiles M1 – M10 were constructed such that all eight CI sites had 

identical coefficients of variation (CVs). The effect of different inter-site correlation 

structures on the behavior of the MmCSRS was studied by generating the CI profiles 

M1 – M10 with (i.e., deposition on different sites are correlated with each other) and 

without (i.e., deposition on different sites are independent of each other) inter-site 

correlation.  

In detail, the following procedure was applied to the CI profiles M1 – M10 for 

constructing T and R CI profiles that differed from each other on multiple sites in their 

mean depositions and/or variability.  

First, the inter-site correlation structure was selected between two possibilities. In 

particular, there was either no inter-site correlation or the inter-site correlation was 

based upon the covariance matrix (sites 4 – 11) that was used for the evaluation of the 

effect of single site changes on the MmCSRS (Table 3-3)4. The same inter-stage 

correlation structure was then applied to both T and R CI profiles. Second, the CVs 

were set on each of the eight deposition sites of the R CI profile to the same value of 

10, 15, 20, 25, 30, 35, 40, 45, or 50%. These values were chosen as they could 

possibly cover a range of realistically observed CVs for CI profiles. It should be noted 

that the assumption of identical CVs on all deposition sites is not expected for real CI 

profiles but was mainly used here for systematic evaluation and understanding of the 

MmCSRS behavior (see Discussion). Third, the difference between the T and R CI 

profiles in their mean depositions was set to 5, 10, 15, 20, 25, or 30% on all eight sites 

                                            
4
 It must be noted that the purpose of this was rather to create some correlation between the deposition 

sites than to model realistic inter-site correlation.    
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(see above and Table 3-1). These values were chosen to cover a certain range of 

differences between CI profiles that could possibly be considered as equivalent. Fourth, 

the standard deviations on the depositions sites of the T CI profile were adjusted such 

that their CVs were half as large, the same as, or double as large as those of the R CI 

profile.  

Hence, a total number of 3240 (10 * 2 * 9 * 6 * 3) scenarios were evaluated. For 

each of the 3240 scenarios, 20,000 sets of 30 T and 30 R CI profiles were simulated 

and the average of the MmCSRS across the 20,000 sets was recorded. The scenarios 

were then grouped according to their inter-stage correlation structure, the shape of the 

R profiles (i.e., M1 – M10), and the difference in mean deposition between T and R CI 

profiles. For the 1080 scenarios for which T and R CI profiles had the same variability, 

the averages of the MmCSRS were then regressed against the respective squared 

inverse of the CV (SqInCV) separately for each of the groups (see above) to relate the 

change in MmCSRS to the variability of the R product. Subsequently, the estimated 

slopes and intercepts of the this regression analysis were numerically compared to the 

normalized squared difference (NSD, Eq. 3-4) between T and R CI profiles to explore 

the influence of the inter-site correlation structure, the different shape of the CI profiles, 

and the difference in mean deposition on the MmCSRS. 

    ∑ (  
      

   )
  

            (3-4) 
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Results 

Evaluation of the Behavior of the MmCSRS when T and R CI Profiles differ from 
each other on a Single Site 

Single site mean difference – T and R CI profiles with identical variability 

The behavior of the MmCSRS when T and R CI profiles differed from each other 

in their mean deposition on only a single site while both T and R CI profiles had the 

same variability is displayed in Figure 3-3 for all of 209 scenarios under consideration.  

Linear regression of the averages of the 20,000 MmCSRS against the NSDRS 

(Eq. 3-3), as a measure of differences between two CI profiles after normalization (see 

Introduction), displayed a perfect linear relationship (coefficient of determination (R2) > 

0.999) between the MmCSRS and the NSDRS (Figure 3-4). This relationship was 

expected from the computational form of the mCSRS given that the mCSRS is applied 

to normalized CI profiles. A more detailed explanation of this relationship is given in the 

Discussion. 

Single site mean difference – T and R CI profiles with different variability 

The behavior of the MmCSRS when T and R CI profiles differed from each other 

in their mean deposition on a single site by 30% and had a different variability on all 

sites is shown in Figure 3-5. The results for a 10% difference in mean deposition 

between T and R CI profiles are provided as supplemental material (Figure 3-9). For all 

scenarios, the MmCSRS increased as the T/R variability ratio increased. However, for a 

constant T/R variability ratio, the MmCSRS was increased and decreased for a highly 

variable and less variable R product, respectively. Furthermore, a partial linear 
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relationship5 between the MmCSRS and the T/R variability ratio was observed for a T/R 

variability ratio between 1/10 and 10. 

Evaluation of the Behavior of the MmCSRS when T and R CI Profiles Differ From 
Each Other on Multiple Deposition Sites  

The behavior of the MmCSRS when T and R CI profiles differ from each on 

multiple sites in their mean deposition and/or variability is displayed in Figure 3-6 and 

Figure 3-7 for the CI profiles M2 (no inter-site correlation) and M5 (with inter-site 

correlation), respectively.  Plots for all ten CI profiles M1 – M10 (with and without inter-

site correlation), which show similar behavior, are provided as supplemental material 

(Figure 3-10 – Figure 3-27).  

For the scenarios where T and R CI profiles had the same variability, linear 

regression of the average of the 20,000 MmCSRSs against the SqInCV separately for 

each group (grouping was based upon the inter-site correlation structure, the shape of 

the R profiles (i.e., M1 – M10), and the difference between T and R CI profiles; see 

above) yielded a perfect linear relationship (R2 > 0.999) (Table 3-2). The estimated 

slope and intercept parameters from the simple linear regression analysis are given in 

Table 3-2. All estimated intercept parameters were between 0.8 and 1.3 and negatively 

correlated with the NSD (Table 3-2; Figure 3-8: top-left panel; Pearson product-moment 

correlation coefficient (r) = -0.566). Furthermore, the estimated intercept parameters 

seem to be independent of the inter-site correlation structure (Figure 3-8: top-left and 

bottom-left panel). The estimated slope parameters increased with increasing NSD 

                                            
5
 Further evaluation of the behavior of the MmCSRS for larger T/R variance ratios than 10 was performed 

and showed that the MmCSRS increased disproportionally with increasing T/R variance ratio. Specifically, 
the MmCSRS seemed to approach a certain maximum. However, since cases for which the variability of 
the T CI profile are more than 10 fold larger than that of the R CI profile are very unrealistic and, thus, 
were not considered in this article. 
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(Table 3-2; Figure 3-8: top-right panel) while the two metrics were highly correlated with 

each other (r = 0.941). The estimated slope parameters of the scenarios with and 

without inter-site correlation are linear functions of each other (R2 = 0.97; Figure 3-8: 

top-right panel) 

Discussion 

In a previous publication (23), we introduced the MmCSRS and characterized its 

behavior when T and R profiles did not differ from each other. Under these conditions, 

the MmCSRS was found to be one, regardless of the shape and the number of 

deposition sites of the CI profiles. This behavior was promising and indicated that the 

MmCSRS is a robust metric for APSD equivalence testing and potentially useful for 

determining whether T and R CI profiles are equivalent. 

As a next step, it was of interest to characterize the behavior of the MmCSRS 

(e.g., the expected increase of the MmCSRS) under conditions where T and R CI 

profiles are not identical. This paper evaluated the behavior of the MmCSRS under such 

conditions using a systematic approach of increasing complexity. First, simulations 

evaluated the behavior of MmCSRS when T and R CI profiles differed only on a single 

site, while the variability was identical; followed by simulations that also allowed 

differences in variability between T and R products. Subsequently, T and R CI profiles 

differed on multiple deposition sites from each other. However, the overall deposited 

mass on all sites under consideration was maintained constant (see above), as this 

would be the prerequisite for a T product before performing an APSD equivalence test 

based upon the MmCSRS. Such a prerequisite will be further discussed in a 

forthcoming article (Part III). Maintaining mass balance between T and R CI profiles was 

not possible for single site difference (see above). For the multiple-site differences 
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scenarios, T and R CI profiles either had the same or a different variability. Knowing the 

behavior of MmCSRS under such conditions was important, especially when the 

variability of the R product would affect MmCSRS. Under such conditions, a reference 

variance scaling approach might have to be employed for establishing critical values for 

determining APSD equivalence of the T to R OIDP.  

Single Site Differences 

In this part of the study, a total number of 11 deposition sites (8 of which may be 

thought to be more relevant for pulmonary deposition, e.g., definition of ISM for 

Andersen CI) were incorporated to study the behavior of the MmCSRS over wider range 

of sites with a distinct difference in drug deposition across the investigated sites 

(deposition on non ISM sites (e.g., pre-separator) is generally higher). When T and R CI 

profiles differed from each other in their mean deposition on a single site, while 

variability associated with both profiles was identical, the MmCSRS increased as the 

difference between T and R CI profiles increased (Figure 3-3).  This was true for all 

sites, independent on what site showed the difference. However, this increase was not 

symmetric around 1 as, for example, a 70% increase or a 70% decrease in a specific 

site deposition resulted in different MmCSRS values.  

The extent of change in MmCSRS was also dependent on how much drug was 

deposited on a given site (Figure 3-3). As an example, a difference in mean deposition 

of 50% between T and R CI profiles would result in an MmCSRS of more than 15 for the 

high deposition site 1, compared to an MmCSRS of 1 if T and R were identical (Figure 

3-3). If a 50% difference is observed for one of the low deposition stages (e.g., site 11; 

Figure 3-3), MmCSRS hardly changes at all (very close to 1). 
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Thus, the increase in MmCSRS is more pronounced when sites are involved that 

capture a larger amount of drug while changes on low deposition affect the MmCSRS 

less. This behavior, suggested from Figure 3-3, is more quantitatively expressed in 

Figure 3-4, which depicts a linear relationship between the MmCSRS and the NSDRS 

(Eq. 3-3, a measure for differences in mean deposition between two CI profiles after 

normalization). This behavior is expected from Eq. 3-1 and was similarly observed for 

the originally proposed CSRS (12). It is generally believed that such a behavior is 

desirable for APSD equivalence testing as the smaller effect of low deposition sites 

(often related to non-product factors, such as challenges of the analytical procedure to 

quantify potential differences in the ng range) on the overall MmCSRS are expected to 

be much less relevant for BE of the T and R OIDPs. Contrary to univariate approaches 

such as the mCSRS, procedures employing a site by site analysis of cascade impactor 

data using standard BE test methodology for a given stage  (e.g., proposed by EMA (9, 

27)) do not possess this characteristic as they will even fail different batches of the 

same R OIDP, in part, due to the high variability (in terms of CV%) associated with the 

low deposition sites. Furthermore, such methods face statistical challenges because of 

necessity of perform multiple comparisons. Overall, an equivalence test based upon the 

MmCSRS might have the potential to be more robust, as above factors have a smaller 

effect on MmCSRS (differences of low deposition stages) or are not applicable 

(challenges because of multiple comparisons). 

To further evaluate the behavior of the MmCSRS, differences in the mean 

deposition between the T and CI profiles were still limited to one site. However, T and R 

CI profiles were also allowed to differ in their variability. Therefore, the variability was 
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modulated on all deposition sites, which was believed as being more realistic than 

changing the variability of a single site only. As expected from the simulations where T 

and R CI profiles had the same variability (Figure 3-3), the MmCSRS increased with 

increasing difference in mean deposition (compare Figure 5 for 30% difference with 

those observed for a 10% difference in the supplemental material Figure 3-9 for the 

same deposition site). More importantly, MmCSRS was also sensitive to changes in the 

variability of the T product, as a higher T variability (i.e., an increased T/R ratio) resulted 

in an increase in MmCSRS (Figure 5). This increase was almost linear and seen for all 

deposition sites under consideration (site 1, 3, 7, and 11; see Figure 3-1 for shape of CI 

profile) (Figure 3-5). These observed behaviors were expected from the computational 

form of the mCSRS (Eq. 3-1), as the value of the cumulative numerator expression is 

driven by the overall difference in mean T and R deposition (the larger this difference, 

the larger the expression, 

∑
(     ̅ )

 

 ̅ 

 
               (3-5) 

the larger the MmCSRS; Figure 3-3). This expression is also affected by the 

degree of T variability (the larger T variability, the larger the numerator expression, 

∑
(     ̅ )

 

 ̅ 

 
               (3-6) 

the larger the MmCSRS). For both cases, the denominator is not affected. Even 

though only differences between T and R CI profiles of 10% and 30% were evaluated, it 

seems reasonable to extrapolate these results to any difference between T and R CI 

profiles that is relevant in the context of equivalence testing. Overall, the fact that 
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MmCSRS increases with increasing T/R variability ratio is desired as it penalizes and 

rewards the T product for having an increased and decreased variability, respectively. 

Figure 5 also indicates that MmCSRS depends on the variability of the R product 

(not only on the T/R ratio), as MmCSRS for a constant T/R ratio differs depending on 

whether the R product shows “high,” “normal” or “low” variability (Figure 3-5). Whereas 

in previous simulations (differences in mean deposition and differences in T variability), 

MmCSRS behavior was driven by differences in the numerator, Eq. 3-1 readily suggests 

that the sensitivity of MmCSRS to differences in R variability is driven solely by the 

denominator expression, 

∑
(     ̅ )

 

 ̅ 

 
               (3-7) 

This cumulative denominator expression is only capturing variability of in the R 

product (per definition there cannot be a difference in mean deposition between R 

products). The cumulative denominator term will increase with increasing R variability 

and as consequence the MmCSRS will decrease. Reduced R variability will result in an 

increase in MmCSRS. 

Hence, the observed increase in MmCSRS with decreasing variability of the R 

product while the difference between T and R CI profiles and the T/R variability ratio 

were kept constant is a consequence of the computational form of the mCSRS. The 

implications of this behavior for equivalence testing of CI profiles are discussed below. 

Multiple Site Differences 

The analysis of the effect of differences between T and R CI profiles on multiple 

sites on the MmCSRS was restricted to eight sites because of the following reasons. 

The eight sites could possibly represent the sites that are comprised in the definition of 
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the ISM of an Andersen CI (13). A CI profile comparison test for establishing 

equivalence between T and R OIDPs would most likely be applied to those sites only 

since differences on non-ISM sites, which the MmCSRS would be sensitive to, are not 

very relevant for lung deposition, and could be detected by other means, for example, 

by testing the equivalence of the single actuation content and ISM before a MmCSRS 

based profile comparison test is applied. In addition, we showed in the previous 

publication, that the MmCSRS behavior was not dependent on the number of stages 

included in the analysis of identical T and R profiles (23).  

We assumed within these simulations that the deposited mass on the eight 

deposition sites (ISM sites) was constant, a likely pre-condition asked for within future 

APSD tests. It should be emphasized that only such conditions, insured through 

preliminary statistical tests, would allow truly testing for differences between two CI 

profiles in mean deposition and/or variance of sites that are considered more relevant 

for lung deposition.  

The effects of multiple site differences on the behavior of the MmCSRS under 

these conditions were assessed for a variety of CI profiles (M1 - M10, Figure 3-1) by 

changing mean deposition and variability without changing total cumulative deposition 

(i.e., T and R CI profiles had an identical total deposition on all eight sites; see above), 

as shown for two scenarios in Table 3-1.  

As expected, the MmCSRS increased with increasing differences in mean 

deposition (Figure 3-6 and Figure 3-7, comparison of MmCSRS for a constant CV% 

across panels). This confirmed the results obtained for single site mean differences 

between two CI profiles (see above), but without the influence of differences in 
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cumulative deposition. Similarly, it could be seen from these simulations that for a given 

difference in mean deposition MmCSRS increases again with increasing variability of 

the T product (see above). These relationships were not surprising, but validated the 

expected behavior of the MmCSRS.  

In these simulations, we included situations that incorporated an inter-site 

correlation (the characteristic of one site affecting the behavior of another site), as this 

behavior cannot be excluded from “real” cascade impactor studies, and the behavior of 

the MmCSRS under those conditions warranted further evaluations. For any of the CI 

profiles M1 – M10 and regardless of the inter-site correlation structure, the MmCSRS 

increased as the variability (in terms of CV) of the R CI profiles decreased even for the 

situation where the T/R variability ratio was kept constant (Figure 3-6 and Figure 3-7). 

This behavior of the MmCSRS for multiple site differences is similar to that for single 

site changes where the MmCSRS was increased for less variable R products in spite of 

a constant T/R variability ratio and was explained above. However, this dependency of 

the MmCSRS on the variability of the R product for a constant T/R variability ratio and a 

constant difference in mean deposition between T and R CI profiles, even for the 

situation where the cumulative deposited drug amount was constant, have the following 

significant implication. A rigid cut-off value for an APSD equivalence test based upon a 

fixed MmCSRS is not feasible, and needs to be scaled by the variability of the R CI 

profile, in order to be able to consistently discriminate equivalent and inequivalent CI 

profiles (i.e., a certain difference (e.g., 20%) between T and R CI profiles on all of the 

deposition sites under consideration yields a different MmCSRS dependent on the 

variability of the R product). 
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The relationship between MmCSRS and variability of the R product could be 

identified as straight line when plotting the MmCSRS against the SqInCV when T and R 

CI profiles had the same variability or the T product was less variable (Figure 3-6 and 

Figure 3-7). However, this linear relationship could not be observed when the T product 

was more variable and the variability of both products became high (Figure 3-6 and 

Figure 3-7). 

Since for construction of a APSD equivalence test the understanding of the 

behavior of the MmCSRS where T and R CI profiles have the same variability is 

considered as most important, simple linear regression of the average of the 20,000 

MmCSRSs against SqInCV separately for each CI profile M1 – M10 and each 

difference between T and R CI profile in their mean depositions was performed only for 

those scenarios, and yielded a perfect linear relationship (R2 > 0.999) (Table 3-2).  

The estimated intercept parameters seemed to be independent of the inter-stage 

correlation structure and were close to one regardless of the NSD (Eq. 3-4, a measure 

for the difference between T and R CI profiles in mean deposition) and the shape of the 

CI profiles (i.e., M1 – M10) (Table 3-2 and Figure 3-8, top-left and bottom-left panel). 

The estimated slope parameters increased as the NSD increased and were highly 

correlated (R2 = 0.89) (Figure 3-8, top-right panel). Therefore, the estimated slope 

parameters represent a good measure for quantification of the differences between T 

and R CI profiles in their mean site depositions.  

Moreover, after scaling the slope parameters on their respective NSD, the scaled 

metrics (slope/NSD) were similar within a certain CI profile (Table 3-2). On the other 

hand, there were still some differences in the scaled metrics between the 10 CI profiles 
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M1 – M10 (Table 3-2). These differences in the scaled metrics are a consequence of 

the fact that a certain difference in mean deposition does not result in the same NSD for 

different profiles (e.g., a 30% difference in mean deposition yielded an NSD of 112.5 

and 153 for the CI profiles M1 and M10, respectively, Table 3-2) and result in a larger 

weighting of sites with an increased depositions. The positive implications of this 

characteristic for APSD equivalence testing were discussed above.  

In spite of being highly correlated (R2 = 0.97), the estimated slope parameters 

were smaller for the cases without any inter-site correlation compared to those with 

inter-site correlation (Table 3-2 and Figure 3-8, bottom-left panel). Specifically, for a 

specific SqInCV of the R CI profile, the MmCSRS was decreased in average by -8.76 + 

0.86 * SqInCV for the zero inter-site correlation case compared to that with inter-site 

correlation. The implications and practical relevance of this for APSD equivalence 

testing need to be further evaluated by simulation studies. 

In summary, for multiple site differences, the observed differences in MmCSRS 

were dependent on the difference in mean deposition between T and R CI profiles, the 

T/R variability ratio, the variability of the R product, and the inter-stage correlation 

structure. For the 1080 scenarios where T and R CI profiles had the same variability, 

the differences in MmCSRS is a function of the NSD (as a measure for difference in 

mean deposition) and the SqInCV (as a measure of the variability of the R product) of 

the R CI profile. Since the value of the MmCSRS is perfectly correlated with the SqInCV 

of the R CI profile for any of the ten CI profiles M1 – M10, the SqInCV of the R CI 

profiles appears to be a good choice as a metric for reference variance scaling. A more 
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detailed analysis of the reference variance scaling approach will be given in a 

forthcoming article (Part III). 

It should be noted that all CI profiles were constructed such that the CV was the 

same on all deposition sites. However, the assumption of identical CVs on all deposition 

sites is not expected for real CI profiles. In fact, the variability (expressed as CV) is 

expected to be increased on low deposition sites compared to that for high deposition 

sites. However, setting the CVs to be equal on all eight deposition sites was necessary 

for being able to systematically evaluate and understand the behavior of the MmCSRS 

when T and R CI profiles differ from each other on multiple deposition sites while 

maintaining a manageable level of complexity. The behavior of MmCSRS in situations 

where the CI profiles have an increased variability on low deposition sites warrants 

further analysis. Furthermore, simulation analysis is required to evaluate which metric is 

the best measure for the variability when the CI profiles have different CVs on the 

deposition sites.  These will be addressed in the forthcoming article (Part III).  

All results are based upon the assumption that a sample of 30 T and R CI 

profiles is obtained, which is in accordance with the June 1999 Draft Guidance for 

Industry: Bioavailability and Bioequivalence Studies for Nasal Aerosols and Nasal 

Sprays for Local Action (10). It should be noted that the behavior of the MmCSRS has 

not been studied when a different sample size is obtained. However, since the expected 

“average” behavior of the MmCSRS is studied in this article, it is not expected that a 

different sample size would affect the conclusions here. The sample size will, of course, 

influence the width of confidence intervals for the MmCSRS and will be discussed in a 

forthcoming article (Part III). 
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It should also be remarked that the application of the MmCSRS is not limited to 

the comparison of CI profiles and may potentially be applied to other multivariate 

equivalence testing problems. 

Summary 

When T and R CI profiles differ from each other on a single or multiple deposition 

sites, the MmCSRS increases as the magnitude of deposition on the site(s) on which 

the difference(s) occur(s) becomes larger. Thus, the MmCSRS gives a larger weight to 

differences on sites with increased deposition. This characteristic was considered as 

beneficial for APSD equivalence/profile comparison testing, as it should decrease the 

likelihood of failing identical products due to increased variability on low deposition sites 

(e.g., constructing univariate confidence intervals on each deposition site (9, 27)). Most 

importantly, it was demonstrated that a cut-off (critical) value for APSD equivalence 

testing based on the MmCSRS needs to be scaled on variability of the R product for 

consistently being able to discriminate equivalent from inequivalent CI profiles.  
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Table 3-1. Illustration of multiple site change procedure for CI profiles M1 – M10 as an 
example shown for the profiles M1 and M10 (Figure 3-2).  

Profile/Stage 1 2 3 4 5 6 7 8 

M1 - R  12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 
M1 – T 13.75 11.25 13.75 11.25 13.75 11.25 13.75 11.25 
Difference 10% -10% 10% -10% 10% -10% 10% -10% 
         
M10 – R 20 20 15 15 10 10 5 5 
M10 – T 24 16 18 12 12 8 6 4 
Difference 20% -20% 20% -20% 20% -20% 20% -20% 
Entries for the reference (R) and test (T) product are the site depositions in mcg 
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Table 3-2. Results of the analysis of the effect of multiple site changes on the MmCSRS 

for the CI profiles M1 – M10 (Figure 3-2) 
  No Inter-Stage Corrleation Inter-Stage Correlation 

P Diff R
2
 β0 β1 NSD β1/ NSD R

2
 β0 β1 NSD 

β1/ 
NSD 

M1 5 0.9998 1.08 30.3 3.1 9.7 0.9999 1.09 42.5 3.125 13.6 

M1 10 1 1.08 126.1 12.5 10.09 1 1.1 170.3 12.5 13.6 

M1 15 0.9999 1.08 289.7 28.1 10.3 1 1.12 380.4 28.125 13.5 

M1 20 1 1.09 519.5 50.0 10.39 1 1.14 673.3 50 13.5 

M1 25 1 1.09 815.0 78.1 10.43 1 1.17 1046.1 78.125 13.4 

M1 30 1 1.1 1177.1 112.5 10.46 1 1.22 1503.7 112.5 13.4 

M2 5 0.9998 1.08 30.6 3.3 9.42 0.9999 1.09 42.4 3.25 13.1 

M2 10 0.9999 1.08 127.7 13.0 9.82 1 1.1 169.5 13 13.0 

M2 15 0.9999 1.08 291.8 29.3 9.98 1 1.11 378.4 29.25 12.9 

M2 20 0.9999 1.08 524.4 52.0 10.08 0.9999 1.14 667.1 52 12.8 

M2 25 1 1.09 824.8 81.3 10.15 1 1.17 1044 81.25 12.9 

M2 30 1 1.1 1190.0 117.0 10.17 1 1.21 1496.9 117 12.8 

M3 5 0.9995 1.09 32.2 4.3 7.58 0.9998 1.09 46 4.25 10.8 

M3 10 0.9997 1.09 135.6 17.0 7.98 1 1.1 183.5 17 10.8 

M3 15 0.9998 1.08 315.3 38.3 8.24 1 1.11 411.5 38.25 10.8 

M3 20 0.9999 1.07 569.3 68.0 8.37 1 1.13 731.2 68 10.8 

M3 25 0.9999 1.07 899.2 106.3 8.46 1 1.16 1141.7 106.25 10.8 

M3 30 0.9999 1.07 1304.5 153.0 8.53 1 1.2 1642.5 153 10.7 

M4 5 0.9991 1.1 37.8 8.5 4.43 0.9996 1.11 40.6 8.54 4.8 

M4 10 0.9983 1.09 175.9 34.2 5.15 0.9993 1.09 182.1 34.16 5.3 

M4 15 0.9984 1.04 436.2 76.9 5.68 0.9991 1.04 446.8 76.86 5.8 

M4 20 0.9987 0.97 818.5 136.6 5.99 0.9994 0.99 827.3 136.64 6.1 

M4 25 0.9992 0.91 1317.6 213.5 6.17 0.9996 0.95 1328.2 213.5 6.2 

M4 30 0.9995 0.85 1935.3 307.4 6.29 0.9998 0.9 1944.9 307.44 6.3 

M5 5 0.9988 1.09 32.4 4.6 7.1 0.9999 1.09 42.2 4.5625 9.3 

M5 10 0.9996 1.08 138.5 18.3 7.59 1 1.09 171.6 18.25 9.4 

M5 15 0.9998 1.08 321.5 41.1 7.83 1 1.1 387.8 41.0625 9.4 

M5 20 0.9999 1.07 582.5 73.0 7.98 1 1.11 692.5 73 9.5 

M5 25 0.9999 1.06 918.8 114.1 8.06 1 1.14 1081.7 114.0625 9.5 

M5 30 0.9999 1.06 1331.2 164.3 8.1 1 1.17 1558.2 164.25 9.5 

M6 5 0.9996 1.1 36.0 5.8 6.24 0.9999 1.1 58.4 5.77 10.1 

M6 10 0.9996 1.09 154.7 23.1 6.7 1 1.11 236.3 23.08 10.2 

M6 15 0.9996 1.07 361.9 51.9 6.97 1 1.11 537 51.93 10.3 

M6 20 0.9998 1.05 661.4 92.3 7.16 1 1.12 957.7 92.32 10.4 

M6 25 0.9999 1.02 1046.2 144.3 7.25 1 1.13 1496 144.25 10.4 

M6 30 0.9999 1 1516.7 207.7 7.3 1 1.16 2156.8 207.72 10.4 
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Table 3-2. Continued 
  No Inter-Stage Corrleation Inter-Stage Correlation 

P Diff R
2
 β0 β1 NSD β1/ NSD R

2
 β0 β1 NSD 

β1/ 
NSD 

M7 5 0.9989 1.09 33.1 5.3 6.3 0.9997 1.1 39.8 5.25 7.6 

M7 10 0.9995 1.09 141.9 21.0 6.76 0.9999 1.09 166.1 21 7.9 

M7 15 0.9996 1.07 334.5 47.3 7.08 1 1.09 383.4 47.25 8.1 

M7 20 0.9998 1.06 607.2 84.0 7.23 1 1.08 693.8 84 8.3 

M7 25 0.9998 1.05 963.5 131.3 7.34 1 1.09 1089.7 131.25 8.3 

M7 30 0.9999 1.04 1398.4 189.0 7.4 1 1.1 1579.5 189 8.4 

M8 5 0.9994 1.1 35.1 6.7 5.23 0.9995 1.1 42.3 6.71 6.3 

M8 10 0.9993 1.09 157.0 26.8 5.85 0.9998 1.09 181 26.84 6.7 

M8 15 0.9994 1.06 374.2 60.4 6.2 0.9998 1.08 425.1 60.39 7.0 

M8 20 0.9995 1.03 691.2 107.4 6.44 0.9998 1.06 775.1 107.36 7.2 

M8 25 0.9997 1 1098.9 167.8 6.55 0.9999 1.05 1224.2 167.75 7.3 

M8 30 0.9998 0.98 1603.8 241.6 6.64 1 1.05 1775.7 241.56 7.4 

M9 5 0.9988 1.1 37.8 8.2 4.62 0.9997 1.11 40.8 8.19 5.0 

M9 10 0.9987 1.09 171.6 32.8 5.24 0.9994 1.09 183.4 32.76 5.6 

M9 15 0.9985 1.04 421.6 73.7 5.72 0.9993 1.05 442.8 73.71 6.0 

M9 20 0.9991 0.99 786.0 131.0 6 0.9994 1.01 824 131.04 6.3 

M9 25 0.9994 0.93 1267.1 204.8 6.19 0.9996 0.97 1314.8 204.75 6.4 

M9 30 0.9996 0.88 1857.6 294.8 6.3 0.9998 0.93 1928.2 294.84 6.5 

M10 5 0.9997 1.09 31.4 3.8 8.37 0.9999 1.09 42 3.75 11.2 

M10 10 0.9999 1.09 131.1 15.0 8.74 1 1.1 166.4 15 11.1 

M10 15 0.9999 1.08 302.3 33.8 8.96 1 1.11 374.3 33.75 11.1 

M10 20 0.9999 1.08 545.4 60.0 9.09 1 1.13 664 60 11.1 

M10 25 1 1.08 860.1 93.8 9.17 1 1.16 1035.6 93.75 11.1 

M10 30 1 1.08 1243.7 135.0 9.21 1 1.19 1486.3 135 11.0 

Scenarios with and without inter-site correaltion are displayed for the 1080 cases for which T and R CI 
profiles had the same variability, the averages of the MmCSRS were regressed against the squared 
inverse of the coefficient of variation of the R product separately for each of the groups (defined by the CI 
profile M1 – M10 and the difference in mean deposition between T and R CI profiles). P: profile, Diff: 
percentage difference between test and reference CI profile on all stages, R

2
: coefficient of determination, 

β0: estimated intercept parameter, β1: estimated slope parameter, NSD: normalized squared difference 
between test and reference CI profiles 
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Table 3-3. Covariance matrix of the CI profile that was used for evaluation of the effect 

of singe site changes on the MmCSRS (Figure 3-1) 

Site 1 2 3 4 5 6 7 8 9 10 11 

1 21.01 -1.60 -7.11 -4.47 0.43 -7.47 -7.47 2.01 0.46 0.40 0.48 

2 -1.60 29.17 4.04 5.80 -1.24 -14.83 -8.30 -1.79 -0.23 0.13 -0.12 

3 -7.11 4.04 9.09 6.54 -0.54 1.51 4.08 -2.80 -0.47 -0.27 -0.36 

4 -4.47 5.80 6.54 5.68 -0.36 -1.30 1.50 -2.28 -0.29 -0.15 -0.21 

5 0.43 -1.24 -0.54 -0.36 0.98 2.23 2.31 0.27 0.03 0.03 0.08 

6 -7.47 -14.83 1.51 -1.30 2.23 47.32 37.86 -1.72 -0.24 0.17 0.05 

7 -7.47 -8.30 4.08 1.50 2.31 37.86 38.21 -2.05 -0.30 0.13 0.01 

8 2.01 -1.79 -2.80 -2.28 0.27 -1.72 -2.05 2.50 0.23 0.17 0.18 

9 0.46 -0.23 -0.47 -0.29 0.03 -0.24 -0.30 0.23 0.10 0.05 0.06 

10 0.40 0.13 -0.27 -0.15 0.03 0.17 0.13 0.17 0.05 0.07 0.05 

11 0.48 -0.12 -0.36 -0.21 0.08 0.05 0.01 0.18 0.06 0.05 0.09 
Units are in mcg

2
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Figure 3-1. Reference CI profile that was used for the evaluation of the impact of 

differences between T and R CI profile on a single deposition site on the 
MmCSRS. For each of the 11 sites the mean and standard deviation (mg) of 
the deposition is displayed in the legend. Total deposition across all stages is 
366.55 mg 
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Figure 3-2. Population mean deposition (mcg) of the CI profiles ‘M1’ – ‘M10’, presented 

as rank-ordered CI profiles profile (i.e., deposition sites were ordered 
according to their decreasing magnitude of normalized drug deposition) 
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Figure 3-3. Analysis of the behavior of the MmCSRS. T and R CI profiles differed from 

each other on a single stage in their mean deposition by a certain percentage 
(x-axis). T and R CI profiles had identical covariance matrices. The effect of 
single site difference was evaluated on all eleven stages of the CI profile that 
is displayed in Figure 3-1; right panel is a magnification of the left panel  

  



 

80 

 

 
Figure 3-4. Analysis of behavior of MmCSRS for single site difference between T and R 

CI profiles with identical variability. Simple linear regression of average of 
MmCSRS (n = 20,000) vs. NSDRS was used for quantification of the 
difference between T and R CI profiles after normalization. RSQ: coefficient of 
determination 
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Figure 3-5. Analysis of the behavior of the MmCSRS (y-axis: average of 20,000 

replicates) when T and R CI profiles differed from each other in their mean 
deposition on a single site by 30% and in their variability on all sites by a 
factor of 0.1 through 10 (x-axis); Site 1: high deposition site, Site 3: low 
deposition site, Site 7: medium deposition site, Site 11: very low deposition 
site, : highly variable R product (variances increased by a factor of 5 
compared to Table 3-3), Δ: normally variable R product (variances identical to 
Table 3-3), +: less variable R product (variances decreased by a factor of 5 
compared to Table 3-3) 
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Figure 3-6. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M2 (Figure 3-2) without inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-7. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M5 (Figure 3-2) with inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-8. Analysis of effect of differences between T and R CI profiles in mean 

deposition and/or variability on multiple sites for the scenarios where T and R 
CI profile had the same variability, top-left panel: Estimated intercepts from 
simple linear regression of MmCSRS against SqInCV on all deposition sites 
(y-axis) plotted against the NSD between T and R CI profiles (x-axis), top-
right panel: Estimated slopes from simple linear regression of MmCSRS 
against SqInCV on all deposition sites (y-axis) plotted against the NSD 
between T and R CI profiles (x-axis), bottom-left panel: Estimated intercepts 
from simple linear regression of MmCSRS against SqInCV on all deposition 
sites for scenarios without inter-site correlation (y-axis) plotted against 
estimated intercepts from simple linear regression of MmCSRS against 
SqInCV on all deposition sites for scenarios with inter-site correlation (x-axis), 
bottom-right panel: Estimated slopes from simple linear regression of 
MmCSRS against SqInCV on all deposition sites for scenarios without inter-
site correlation (y-axis) plotted against estimated slopes from simple linear 
regression of MmCSRS against SqInCV on all deposition sites for scenarios 
with inter-site correlation (x-axis), r:  correlation coefficient, b0: intercept, b1: 
slope, RSQ: coefficient of determination 
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Figure 3-9. Analysis of the behavior of the MmCSRS (y-axis: average of 20,000 

replicates) when T and R CI profiles differed from each other in their mean 
deposition on a single site by 10% and in their variability on all sites by a 
factor of 0.1 through 10 (x-axis); Site 1: high deposition site, Site 3: low 
deposition site, Site 7: medium deposition site, Site 11: very low deposition 
site, : highly variable R product (variances increased by a factor of 5 
compared to Table 3-3), Δ: normally variable R product (variances identical to 
Table 3-3), +: less variable R product (variances decreased by a factor of 5 
compared to Table 3-3) 
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Figure 3-10. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M1 (Figure 3-2) without inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-11. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M3 (Figure 3-2) without inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-12. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M4 (Figure 3-2) without inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-13. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M5 (Figure 3-2) without inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-14. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M6 (Figure 3-2) without inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-15. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M7 (Figure 3-2) without inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-16. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M8 (Figure 3-2) without inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 

  



 

93 

 

 
Figure 3-17. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M9 (Figure 3-2) without inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-18. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M10 (Figure 3-2) without inter-
site correlation, x-axis: variability of the R CI profiles (displayed as the 
squared inverse of the coefficient of variation (CV%)), T and R CI profiles 
differed from each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites 
such that the cumulative total mass of all deposition sites was identical, (○): T 
and R CI profiles had the same variability on all deposition sites, (∆): the 
variability on the sites of T CI profiles was half of that of the R CI profiles, (+): 
the variability on the sites of T CI profiles was twice as large as that of  the R 
CI profiles 
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Figure 3-19. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M1 (Figure 3-2) with inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-20. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M2 (Figure 3-2) with inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-21. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M3 (Figure 3-2) with inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-22. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M4 (Figure 3-2) with inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-23. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M6 (Figure 3-2) with inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-24. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M7 (Figure 3-2) with inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-25. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M8 (Figure 3-2) with inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-26. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M9 (Figure 3-2) with inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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Figure 3-27. Behavior of the MmCSRS (displayed as average of the 20,000 samples (y-

axis)) when T and R CI profiles differ from each other on multiple sites in their 
mean deposition and variability for CI profile M10 (Figure 3-2) with inter-site 
correlation, x-axis: variability of the R CI profiles (displayed as the squared 
inverse of the coefficient of variation (CV%)), T and R CI profiles differed from 
each other by +/- 5, 10, 15, 20, 25, or 30% on all deposition sites such that 
the cumulative total mass of all deposition sites was identical, (○): T and R CI 
profiles had the same variability on all deposition sites, (∆): the variability on 
the sites of T CI profiles was half of that of the R CI profiles, (+): the variability 
on the sites of T CI profiles was twice as large as that of  the R CI profiles 
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CHAPTER 4 
AN AERODYNAMIC PARTICLE SIZE DISTRIBUTION EQUIVALENCE TESTING 
METHOD BASED UPON THE MEDIAN OF THE MODIFIED CHI-SQUARE RATIO 

STATISTIC 

Introduction 

Demonstration of equivalence in aerodynamic particle size distribution (APSD) 

plays an important role for establishing bioequivalence (BE) of orally inhaled drug 

products (OIDPs) in both the US and Europe (7, 9). Equivalence in APSD between a 

test (T) and reference (R) OIDP can be assessed by comparative analysis of multi-

stage cascade impactor (CI) (e.g., Andersen Cascade Impactor (ACI) or Next 

Generation Impactor (NGI)) data. The modified chi-square ratio statistic (mCSRS, Eq. 4-

1) was introduced as a metric for APSD equivalence testing in the first part of this series 

of three articles (23).  
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          (4-1) 

where p represents the number of deposition sites, Tij and Rik represent the 

normalized deposition (i.e., by the dividing the absolute deposition on the ith site by the 

total deposition on all sites under consideration) on the ith site of the jth profile (j = 1, …, 

nT) of the T sample and on the ith site of the kth profile (k = 1, …, nR) of the R sample, 

respectively. nT and nR represent the number of samples that were obtained from the T 

and R product, respectively, and  ̅  represents the sample mean on the ith site of all R 

profiles. 

Furthermore, the median of the distribution of 900 mCSRSs (MmCSRS; 

assuming a sample size of 30 T and 30 R products) was demonstrated to be equal to 
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one regardless of the shape and the number of deposition sites of the profiles when T 

and R products were identical.  

In the second part of this series, the behavior of the MmCSRS when T and R 

profiles differ from each other on a single or multiple deposition site(s) was 

characterized (28). The two major finding of this analysis were, first, that the MmCSRS 

is more sensitive to differences between T and R profiles that occur on high deposition 

sites and, second, that a cut-off value for equivalence testing requires scaling on the 

variability of the R product for consistently discriminating equivalent and inequivalent CI 

profiles.  

In this third part of the series, we propose an APSD equivalence test based upon 

the MmCSRS, develop an approach for constructing a cut-off value for an MmCSRS-

based profile comparison test, propose a method for estimating a metric for reference 

variance scaling (RVS) for the MmCSRS, describe a method for constructing 

confidence intervals for the MmCSRS, and classify 55 CI profile scenarios, which were 

published and evaluated by an expert panel (13-15), as equivalent or inequivalent 

based upon the proposed APSD equivalence test. 

CI Profile Simulation 

Throughout this project, CI profiles were generated based upon Monte-Carlo 

simulations assuming a multivariate normal distribution. Details about profile simulation 

and distributional considerations were provided in the second part of this series of 

publications (28). All computations were performed in the statistical software R (18). 

The R extension package ‘mvtnorm’ was used for simulation from the multivariate 

normal distribution (26). 
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APSD Equivalence Test 

A flowchart describing the proposed APSD equivalence test is displayed in 

Figure 4-1. The underlying principle of the test is the following. First, a CI profile 

comparison test (e.g., application of the MmCSRS) should be applied to deposition sites 

that are relevant for lung deposition (e.g., deposition sites that are comprised in the 

definitions of the impactor-sized mass1 (ISM)2. Second, other statistical tests can ensure 

the equivalence of particle fractions that are deposited in other impactor parts (e.g., 

particles that are predominantly deposited in parts that correspond to deposition in the 

oropharynx). In detail, two OIDPs that do not emit an equivalent dose (i.e., single 

actuation content) should not be considered as equivalent and, hence, comparative CI 

profile testing is not necessary (first step)3. Two OIDPs that emit an equivalent dose but 

do not deposit an equivalent dose in the lung should not be considered as equivalent 

and, thus, comparative CI profile testing is again not necessary (second step). Finally, 

for two OIDPs that emit an equivalent dose and deposit an equivalent dose in the lung, 

a CI profile comparison test (e.g., MmCSRS) could be applied to deposition sites that 

are relevant for lung deposition (see above; third step). In summary, this stepwise 

APSD equivalence test ensures that two OIDPs only pass if they emit an equivalent 

dose, deposit an equivalent dose in the lung (thus deposit an equivalent dose in the 

oropharynx), and have an equivalent CI profile with respect to their lung deposition. A 

population BE test (29) may be the preferred statistical method for steps one and two. 

                                            
1
 ISM is defined as the sum of the drug mass on all CI stages plus the filter, but excluding the initial stage 

because of its lack of a specified upper cutoff size limit 
 
2
 Deposition sites are comprised in the definition of the fine particle mass could be used alternatively 

 
3
 The first step may be omitted for products with negligible oral bioavailability 
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Construction of a Cut-Off Value for an MmCSRS-based Profile Comparison Test 

Definition 

A cut-off value for an MmCSRS-based profile comparison test translates a 

difference between T and R profiles (e.g., a +/- 20% difference on all ISM sites) that is 

considered as tolerable for being equivalent into a numerical value for the MmCSRS. 

Thus, two OIDPs are considered as equivalent when a confidence interval constructed 

based upon a sample of T and R products is smaller than the cut-off value. It should be 

remarked that a tolerable difference for equivalence of CI profiles has yet to be 

determined. 

Principles 

The following construction of a cut-off value is based upon eight deposition sites, 

which would represent the ISM sites of the ACI setup. This is in accordance with the 

proposed APSD equivalence test that specifies application of a profile comparison to 

sites that are relevant for lung deposition (see above). It should be remarked that the 

ISM comprises seven sites for the NGI setup. Implications of this reduced number of 

deposition sites are debated below (see Discussion). The following characteristics of the 

MmCSRS require consideration when constructing a cut-off value for an MmCSRS-

based profile comparison test. 

First, the MmCSRS puts a larger weight on differences between T and R that 

occur on high deposition sites (28). Thus, a certain difference between T and R profiles 

(e.g., +/- 20% on all deposition sites) would result in a smaller MmCSRS for a uniform R 

profile (i.e., depositions are equal on all sites) than the same difference for a skewed R 

profile. This characteristic could theoretically be addressed by three approaches; 

constructing a cut-off value (a) based upon a uniform R profile that would result in 
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criteria that are most difficult to pass, (b) based upon the actual shape of the respective 

R profile, or (c) based upon a R profile that represents a typical CI profile. Since visual 

analysis of real CI profiles from different inhalation products (dry powder inhalers, 

metered dose inhalers, and inhalation suspensions) after ordering them by decreasing 

magnitude of their normalized deposition on the ISM sites displays a certain similarity 

across the products (Figure 4-2), approach (c) was selected for defining a cut-off value 

for the MmCSRS (see below). 

Second, T and R profiles should have an equivalent, ideally identical, ISM 

(second step of APSD equivalence test; Figure 4-1). Hence, T and R profiles that are 

employed for defining a cut-off value for the MmCSRS should have an identical ISM.  

Third, since the MmCSRS rewards and punishes the T product for having a 

decreased and increased variability, respectively, a cut-off value for the MmCSRS 

needs to be defined for T and R profiles with the same variability.  

Fourth, it was previously demonstrated that for a certain difference between T 

and R profiles the MmCSRS is inversely proportional to the squared coefficient of 

variation (CV) of the R product (28). Thus, a cut-off value for the MmCSRS requires 

scaling on the variability of the R product.  

Fifth, even though CI profiles are very likely to have different CVs on all 

deposition sites, RVS should be based upon a single metric for maintaining a 

reasonable level of complexity. Thus, a cut-off value for the MmCSRS will be based on 

CI profiles with identical CVs on all sites and a method for estimating a single metric for 

RVS is presented below. 
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Sixth, it was previously shown that the inter-site correlation structure (i.e., 

deposition on a site is affected by the deposition on another site) influences the 

behavior of the MmCSRS when T and R profiles differ from each other (28). However, 

there was evidence that the MmCSRS tends to be smaller when no inter-site correlation 

structure (i.e., deposition on a site is not affected by the deposition on another site) is 

present (28). Hence, a cut-off value based upon T and R profiles without inter-site 

correlation would result in a criterion that is most difficult to pass.  

Seventh, a cut-off value for the MmCSRS needs to be defined for several 

differences between T and R CI profiles as it has not been decided which difference 

between T and R profiles would still be considered as equivalent and different criteria 

might be proposed by different drug regulation agencies.  

The relevance of a potential impact of these seven characteristics on the 

consistency of APSD equivalence testing is discussed below (see Discussion). 

Methods 

A typical CI profile (after ordering the sites by decreasing magnitude of their 

normalized deposition) was constructed by averaging the normalized deposition 

(separately for each site) for all CI profiles that are displayed in Figure 4-2. This typical 

CI profile is shown in Figure 4-3 as “Average CI Profile” and was used as basis for 

constructing an R CI profile for deriving a cut-off value for the MmCSRS. This R profile 

was designed such that T and R profiles that differ from each other by a certain 

percentage on each site (e.g., +/- 20%) and have the same ISM could be easily 

constructed. In detail, deposition sites 1/2, 3/4, 5/6, and 7/8 of the “Average CI Profile” 

(Figure 4-3) were paired and their depositions averaged. The CI profile that resulted 

from this procedure is displayed in Figure 4-3 as “Reference CI Profile”. This CI profile 
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was then used as mean vector for simulating R profiles. The mean vectors for the T 

profiles were constructed by letting the deposition on four sites be higher than those of 

the R profile and the deposition on the other four sites be lower than those of the R 

profile, while pairing the two sites of the R profile with identical depositions. For better 

illustration of this procedure, Table 4-1 gives the mean vectors of the T and R profiles 

that were used for evaluating 10% differences. The behavior of the MmCSRS for T and 

R profiles that differed from each other in their mean deposition by 10, 15, 20, 25, or 

30% were investigated. These values were chosen to cover a certain range of 

differences between CI profiles that could possibly be considered as equivalent. The 

variability of the R CI profiles was assigned by setting the CV of all sites to 2.5, 5, 10, 

15, 20, 25, 30, 35, 40, or 45%. It should be remarked that the selection of the numbers 

is not relevant for setting up a cut-off as it was previously shown that the MmCSRS is 

perfectly correlated to the squared inverse of the CV (SqInCV) (28). The variability of 

the T profiles was assigned by adjusting the standard deviations on the depositions 

sites such that their CVs were the same as those of the R profiles. For both T and R 

profiles, no inter-site correlation was assumed (see above). 

Hence, a total number of 50 (5*10) scenarios were evaluated for defining a cut-

off value for an MmCSRS-based profile comparison test. For each scenario, 20,000 

sets of 30 T and 30 R profiles were simulated and, subsequently, the MmCSRS 

calculated. For each of the five studied differences between T and R profiles, the 

averages of the 20,000 MmCSRSs were then regressed against the respective 

SqInCVs.  
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Results and Interpretation 

The estimated intercept and slope parameters and the coefficients of 

determinations when regressing the averages of the 20,000 MmCSRSs against the 

respective SqInCVs separately for each of the five studied differences between T and R 

CI profiles are shown in Table 4-2. As expected from previous evaluations (28), a 

perfect linear relationship (R2 > 0.999), an estimated intercept close to one, and an 

increasing slope with increasing difference between T and R CI profile was observed 

(Table 4-2). Those intercept and slope parameters were then used to create the so-

called “cut-off value plot” that can be used to determine a cut-off value for an MmCSRS-

based profile comparison test (Figure 4-4). Figure 4-4 contains a hypothetical 

confidence interval for the MmCSRS of a sample of T and R profiles for illustration of 

how to use the cut-off value plot. Figure 4-4 shows that RVS was determined to be 7.5 

(CV%; see below for details) and that a 90% confidence interval for the MmCSRS (see 

below for details) yielded lower and upper bounds of 3 and 12, respectively.  If a 10% or 

15% criterion was applied, the two products would fail to show BE as the respective cut-

off values of 4.11 or 8.00 (calculated using the slope and intercept parameters from 

Table 4-2 and 7.5-2 for RVS), are smaller than the upper bound of the confidence 

interval (i.e., 12). On the other hand, if a 20, 25, or 30% criterion were applied, the two 

products would show BE as the respective cut-off values of 13.4, 20.5, or 29.1 would be 

larger than the upper bound of the confidence interval.  

A Method for Estimating a Single Metric for Reference Variance Scaling 

The method for the determining a cut-off value for an MmCSRS-based profile 

comparison test (i.e., cut-off value plot; Figure 4-4) was based upon the assumption that 

the variability in terms of CV is identical on all deposition sites. However, this 



 

112 

assumption is not realistic for real CI profiles. Hence, it is necessary to find a metric that 

can reduce the variability information on all ISM deposition sites of the R product and 

estimate the variability of the R product as a single metric.  We propose the following 

approach for estimating a single metric for RVS. Determine the four ISM sites with the 

highest deposition (after normalization) and calculate their CVs. Then, calculate the 

average across the four CVs and use this metric for RVS. This approach is based on 

the observation that the CV is often higher for low deposition sites and we, thus, believe 

that variability estimation should be based on sites with a larger deposition. It is 

apparent that this approach comprising reduction of variability on multiple sites into a 

single metric and not considering low deposition sites leaves some room for 

interpretation. However, it will be demonstrated below that 55 CI profile scenarios can 

be classified according to the opinion of the expert panel, when using this RVS metric. 

Furthermore, possible shortcomings of this RVS metric will be discussed below (see 

Discussion).  

A Method for Constructing a Confidence Interval for the MmCSRS 

Even though it was demonstrated that the mCSRS follows approximately an F 

distribution when certain criteria are met and T and R CI profiles are identical(23), the 

distributional behavior of the MmCSRS is unknown. Hence, it seems reasonable to use 

a non-parametric method for constructing confidence intervals for the MmCSRS. We 

propose here to construct two-sided non-parametric confidence intervals using the bias-

corrected and accelerated (BCA) bootstrapping method (29). A brief discussion on the 

suitability of two-sided confidence intervals vs. one-sided confidence intervals is given 

below. 
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Evaluation of the APSD Equivalence Test – Classification of 55 PQRI Scenarios 

The Product Quality Research Institute (PQRI) “Aerodynamic Particle Size 

Distribution Profile Comparisons Working Group” (WG) published 55 scenarios, 

comprising 30 T and 30 R CI profiles, and classified them as equivalent or inequivalent 

(13-15). The PQRI WG used those 55 scenarios for evaluating the original CSRS (10, 

15). As a result, the PQRI WG concluded that the original CSRS could not consistently 

discriminate between equivalent and inequivalent CI profiles (12, 13). We applied the 

proposed APSD equivalence test (see above; Figure 4-1) to those 55 scenarios to 

assess whether the test could classify the scenarios according to the opinion of the 

PQRI WG. 

Methods 

The means and the standard deviations of the deposition (in mcg) on all sites of 

both the T and R products were publicly available for the 55 scenarios (14, 15). Those 

means and standard deviations were used as population means and population 

standard deviations for profile simulation, respectively. Since information on the inter-

site correlation was not readily available, profile simulation was performed under the 

assumption of no inter-site correlation. The implications of this assumption are 

discussed below (see Discussion). 

For each of the 55 scenarios, 20,000 independent sets of 30 T and 30 R profiles 

were simulated and, subsequently, the proposed APSD equivalence test method 

(Figure 4-1; see above) applied. A population bioequivalence (PBE) (29) test was 

performed at the first and second steps of the APSD equivalence test. The total mass 

on all deposition sites was used as a surrogate for single actuation content at the first 

step of the APSD test. The deposition sites 6-13, 4-11, and 3-10 were defined as ISM 
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sites for scenarios 1-44, 45-51, and 52-55, respectively. This selection corresponds to 

the definition of the ISM for an ACI setup. For scenarios 52-55, the APSD equivalence 

test was also applied when defining deposition sites 4-10 as ISM, which corresponds to 

the ISM definition for an NGI setup. A two-sided 90% BCA confidence interval for the 

MmCSRS (see above and Appendix) was constructed at step 3. The results of the 

APSD equivalence test (i.e., fail/pass at steps 1 and 2, the upper and lower bounds of 

the confidence intervals and the RVS metric (see above) at step 3) were recorded and 

compared to the classification of the PQRI WG (13). For evaluating the performance of 

the APSD test, the results were simplified as follows. A pass for the PQRI WG was 

assigned when >50% of the members classified a scenario as equivalent. A pass for the 

first and seconds steps of the APSD equivalence test was assigned when in >50% of 

20,000 simulations the total mass PBE test and ISM PBE test resulted in a pass, 

respectively. A pass for the third step of the APSD equivalence test was assigned when 

the upper bound of the 90% BCA bootstrap confidence intervals was below a cut-off 

value. It should be remarked that the results of the third step were evaluated for 

different cut-off criteria since a cut-off criterion for the MmCSRS has not been 

determined (see above). In order to provide a method for classifying the PQRI scenarios 

as objectively as possible and to evaluate a possible discrepancy between in the PQRI 

WG and APSD equivalence test classifications, the average ISM ratio (T/R) and the 

normalized mean ISM profiles (T and R) were obtained (Figure 4-6 for scenarios 1-4; 

scenarios 5-55 are provided as supplemental material). 

Results 

The results of the classification of the 55 PQRI scenarios based upon the 

proposed APSD equivalence test are summarized in Table 4-3 and visually displayed in 
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Figure 4-5. 63.3, 72.7, 67.3, 69.1, and 69.1% of the 55 PQRI scenarios were classified 

according to the opinion of the PQRI WG for cut-off values of 10, 15, 20, 25, and 30%, 

respectively (Table 4-3 and Table 4-4). For a 15% cut-off value, Table 4-4 compares the 

results (pass or fail) of the APSD equivalence test to those of the PQRI WG 

classification. The scenarios for which the classification of the APSD equivalence test 

did not match that of the PQRI WG are discussed below. 

Discussion 

When a cut-off value of 15% for CI profile comparison testing is applied, the 

APSD equivalence test (see above; Figure 4-1) matched 40 of the 55 PQRI scenarios 

(72.7%) according to the PQRI WG evaluation (Table 4-4). The classification of the low 

variability scenarios 39, 40, and 42-44 (Table 4-3) as equivalent despite their increased 

MmCSRS shows nicely the importance of the RVS (Figure 4-5 right panel). RVS was 

not performed when the PQRI WG evaluated the original CSRS. In fact, a constant cut-

off value was applied (13). For the 15 scenarios where the APSD equivalence test and 

PQRI WG classifications did not match (Table 4-4), a detailed analysis of this 

discrepancy is given below using the normalized mean ISM profiles (see above; Figure 

4-6; supplemental material). In summary, one of three possible reasons (i.e., 

misclassification by PQRI WG, negative characteristics of PBE test, borderline cases for 

which the classifications depends on the cut-off value that is applied for comparative CI 

profile comparison testing) could be identified for all those scenarios. 

Scenarios for which classification did not match (PQRI: Pass, APSD: Fail) 

Scenarios 1, 2, 14, 25, 45, 46, and 55 were classified as equivalent by >50% of 

the PQRI WG despite having an ISM difference of >10% (Table 4-3; Figure 4-6; 

Supplemental Material). For all of those scenarios, the second step of the APSD 
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equivalence test (PBE test for equivalent ISM) was passed in <50% of the cases (Table 

4-3). Thus, the APSD equivalence test resulted correctly in a fail for those scenarios as 

T and R products differ in their ISM by >10%. Scenarios 10, 13, and 17 were classified 

as equivalent by >50% of the PQRI WG but were classified as inequivalent by the third 

step (MmCSRS) of the APSD test (for a 15% cut-off value). Visual assessment of the 

normalized mean ISM profiles (Supplemental Material) for those scenarios suggests a 

certain difference between the two products that was categorized by the MmCSRS 

(point estimate) as a 25% difference for scenarios 10 and 13 (Table 4-3; Figure 4-5) and 

a 30% difference for scenario 17 (Table 4-3; Figure 4-5). Those three scenarios are 

likely borderline cases for which the classification (i.e., equivalent or inequivalent) is 

dependent on the difference criterion that is applied for comparative CI profile 

comparison testing. Scenarios 5, 20, and 21 were classified as equivalent by >50% of 

the PQRI WG (Table 4-3). This classification is supported by visual assessment of 

normalized mean ISM profiles (Supplemental Material). Those scenarios were classified 

as inequivalent by the third step (MmCSRS) of the APSD test (for a 15% cut-off value; 

Table 4-3; Figure 4-5). For all three scenarios, the point estimates for the MmCSRS 

suggest a 15% difference between the two products (Table 4-3; Figure 4-5). Those 

scenarios would pass the APSD equivalent test (Table 4-3; Figure 4-5) for a 25% cut-off 

value. The discrepancy in the classification between PQRI WG and APSD equivalence 

test may indicate that a 15% cut-off value would be too conservative or that a larger 

sample size, which would results in narrower confidence intervals, is required. 

Scenarios for which classification did not match (PQRI: Fail, APSD: Pass) 

Scenario 26 was classified by <=50% of the PQRI WG as equivalent but received 

a pass based upon the APSD equivalence test. Visual assessment of the normalized 
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ISM profiles (mean deposition) indicates only small differences in mean deposition. The 

MmCSRS characterizes the difference between T and R ISM profiles correctly as small 

(10% point estimate). However, T and R products differ by 12% in their ISM (mean) 

while having an average CV% of 37.2 and 42.7, respectively. In spite of this mean 

difference, the PBE test for ISM was passed in 65.5% of the cases. Hence, the 

discrepancy between the apparently correct classification by the PQRI WG (i.e., 

products that differ by >10% in their ISM are inequivalent) and that of the APSD 

equivalence test seems to be a negative characteristic of the PBE test (i.e. rewarding a 

less variable T product disguises mean differences). Scenario 32 is a borderline case 

for which the classification depends highly on the cut-off value that is applied for 

comparative CI profile comparison testing. This scenario was a split decision among the 

PQRI WG members and application of the MmCSRS resulted in an estimated difference 

of 10% (point estimate) between the ISM profiles. 

Discussion 

The proposed APSD equivalence test based upon the MmCSRS (Figure 4-1) 

could classify approximately 70% of the 55 CI profile scenarios (13-15) according to the 

opinion of the PQRI WG (Figure 4-4, Table 4-3, and Table 4-4). A reasonable 

explanation could be provided for those scenarios for which the classification of the 

APSD equivalence test did not match that of the PQRI WG (see above). Thus, the 

APSD equivalence test based upon the MmCSRS seems to be suitable to consistently 

categorize CI profiles as equivalent of inequivalent. Hence, the major objective of the 

overall project was achieved (23, 28). The main reasons for successfully classifying the 

55 PQRI CI profile scenarios were, first, applying of the MmCSRS to a reduced number 

of deposition sites (i.e., ISM sites) and, second, recognizing the necessity of scale a cut-
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off value for the MmCSRS by the variability of the R product (see above). When the 

original CSRS was used for classification of the 55 CI profile scenarios, it was applied to 

all deposition sites and RVS was not performed (12, 13). In fact, when applying the 

original CSRS to the ISM sites in combination with RVS, a similar high agreement with 

the PQRI WG classification can be reached as for the MmCSRS statistic (results are not 

shown). However, the improved characteristic of the MmCSRS when T and R products 

are identical (i.e., returning a value of one regardless of the shape and number of 

deposition sites of the CI profile (23)) warrants the superiority of the MmCSRS. 

The proposed APSD equivalence test (Figure 4-1) consist of three steps that 

should ensure that the two products emit an equivalent dose (first step), deposit an 

equivalent dose in the lung (second step), and have an equivalent regional lung 

deposition pattern (third step). However, it could be discussed whether the first step is 

necessary for drugs that do not have any significant oral bioavailability. On the other 

hand, a test for equivalent single actuation content (first step) may be required in a 

series of comparative in vitro tests anyway and this discussion would be redundant.  

When the cut-off value plot that was used for classification of the 55 PQRI CI 

profile scenarios was constructed (Figure 4-4), certain assumptions and simplifications 

were made that require further discussion and analysis (see above).  

First, the respective regulatory agencies need to set a cut-off value for 

comparative CI profile comparison testing. Application of the proposed APSD 

equivalence test to different batches of R products and, subsequently, determining a 

value for which e.g., the tests results in an equivalent classification in 90% of the cases 
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could be an option. Furthermore, it may be debatable whether different cut-off values 

could be applied for different OIDPs.  

Second, the cut-off lines are constructed on the basis of the average rank-

ordered profile (by decreasing magnitude of the normalized deposition on the ISM sites) 

that is displayed in Figure 4-3 and the assumptions of equal variability (in terms of 

CV%) on all ISM sites and no correlation between the deposition sites. Each of the 

three assumptions will influence the intercepts and slopes of the cut-off lines and, 

therefore, possibly the result (i.e., pass or fail) of the equivalence test. The application of 

the average CI profile (see above; Figure 4-3) for construction of the cut-off value lines 

seems to be justified by the fact that rank-ordered (by decreasing magnitude of their 

normalized deposition) ISM profiles do not vary much across different impactor setups. 

Hence, a similar cut-off value would result for different impactor setups. Constructing 

the cut-off values lines based upon a uniform R profile (i.e., identical deposition on all 

ISM sites) would be the most conservative alternative as it would result in the least 

steep slopes (28) and, hence, the most difficult criteria to pass. On the other hand, if a 

cut-off value for comparative CI profile testing would be based upon the performance of 

different batches of the same R product (see above), the smaller cut-off value for a 

uniform R profile would be counteracted by a larger criterion (in % difference between 

two profiles). A similar discussion is true for the assuming no inter-site correlation when 

constructing the cut-off value lines. It was previously demonstrated that the MmCSRS is 

smaller when no inter-site correlation is assumed and, thus, constructing the cut-off 

values when assuming no inter-site correlation structure results in a criterion that is 

more difficult to pass (28). However, it should be remarked that only one particular inter-
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site correlation structure was tested and, hence, further simulation analysis is required 

to fully evaluate the effect of different inter-site correlation structures. Assuming equal 

variability (in terms of CV%) on all deposition sites for constructing the critical value plot 

was necessary to maintain a manageable level of complexity even though it is not 

realistic for real impactor data. As a consequence of this, a single metric that provides a 

reasonable estimate for the variability of the R product over all deposition sites needs to 

be defined for RVS. We have introduced the mean CV% over the four ISM sites with the 

largest deposition as such a single metric for RVS (see above) and used it for 

classification of the 55 PQRI scenarios. The fact that using the mean CV% over the four 

ISM sites with largest deposition helped classify the 55 PQRI scenarios according to the 

opinion of the PQRI WG supports this approach for RVS but should not be considered 

as validation of it. The current selection for RVS definitely puts even larger weight on 

the high deposition sites (among the ISM sites) than it is already done by the 

characteristic of the MmCSRS. Nonetheless, further simulation analysis using other 

approaches for RVS should be performed before making a final selection for the best 

single metric for RVS.  

Third, two-sided confidence intervals for the MmCSRS were constructed (see 

Appendix) when classifying the 55 PQRI scenarios using the APSD equivalence test. 

However, since the MmCSRS cannot be negative, it may be worthwhile discussing the 

construction of one-sided confidence intervals for the MmCSRS for increasing the 

power to conclude BE. 

Conclusions 

In the proposed APSD equivalence test the MmCSRS is applied to deposition 

sites that are relevant for lung deposition (e.g., sites that are comprised in the definition 
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of ISM) and other tests ensure equivalence in emitted dose and dose that is deposited 

in the lung. The proposed APSD equivalence test and scaling cut-off values for the 

MmCSRS by the variability of the R product could classify most of the 55 CI profile 

scenarios according to the opinion of the PQRI WG. Thus, the proposed APSD 

equivalence test based upon the MmCSRS seems to be a very promising approach for 

consistently discriminating equivalent from inequivalent CI profiles. However, further 

simulation analysis is necessary to fully understand the effects of RVS and inter-site 

correlation structure on constructing cut-off values for the MmCSRS. 
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Table 4-1. Illustration of construction of test (T) and reference (R) CI profiles for deriving 
a cut-off value for the MmCSRS 

Profile/Site 1 2 3 4 5 6 7 8 

R 33.1 33.1 12.2 12.2 3.61 3.61 0.974 0.974 
T 36.4 29.8 13.4 11.0 3.97 3.25 1.071 0.877 

T and R CI profiles differ by +/- 10% on all deposition sites; deposition in mcg; R CI profile is displayed in 

Figure 4-3 as “Reference CI Profile” 

 
Table 4-2. Estimated intercept and slope parameters and coefficients of determination 

(R2) when regressing the MmCSRS against the squared inverse of the 
coefficients of variation 

Difference T/R Intercept Slope R2 

10% 1.019 173.6 > 0.999 
15% 0.968 395.3 > 0.999 
20% 0.923 704.1 > 0.999 
25% 0.896 1102.3 > 0.999 
30% 0.886 1586.7 > 0.999 

Difference T/R: Differences between T and R profiles; R profile is displayed in Figure 4-3 as “Reference 

CI Profile” 
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Table 4-3. Results of application of APSD equivalence test to 55 PQRI scenarios 

# 
PQRI 
WG 

Total 
Mass 
PBE 

ISM 
PBE 

RVS PE LB UB C10 C15 C20 C25 C30 

1 100 73.3 3.5 28.85 1.71 1.2 2.19 1.23 1.44 1.77 2.22 2.79 
2 79 81.5 5.8 34.39 1.5 1.03 1.95 1.17 1.3 1.52 1.83 2.23 
3 7 81.4 0.3 31.14 1.18 0.82 1.5 1.2 1.38 1.65 2.03 2.52 
4 0 46.4 0.0 32.7 1.67 1.15 2.19 1.18 1.34 1.58 1.93 2.37 
5 100 76.2 65.3 30.84 1.33 0.92 1.7 1.2 1.38 1.66 2.05 2.55 
6 79 92.9 64.6 38.73 0.82 0.55 1.05 1.13 1.23 1.39 1.63 1.94 
7 36 74.6 1.9 37.66 0.86 0.59 1.09 1.14 1.25 1.42 1.67 2 

8 0 22.0 0.0 29.77 1.71 1.18 2.22 1.21 1.41 1.72 2.14 2.68 
9 0 41.8 0.0 33.65 1.65 1.15 2.12 1.17 1.32 1.54 1.87 2.29 

10 79 83.5 85.2 37.58 1.47 1.02 1.91 1.14 1.25 1.42 1.68 2.01 
11 50 87.1 78.2 33.36 2.95 2.05 3.92 1.17 1.32 1.56 1.89 2.31 
12 21 93.8 89.6 36.92 2.93 1.95 4.04 1.15 1.26 1.44 1.7 2.05 
13 71 88.2 83.6 32.71 1.74 1.2 2.26 1.18 1.34 1.58 1.93 2.37 
14 64 53.7 33.5 33.51 2.1 1.45 2.77 1.17 1.32 1.55 1.88 2.3 
15 50 63.3 48.3 31.47 2.58 1.81 3.38 1.19 1.37 1.63 2.01 2.49 
16 29 94.1 96.7 39.64 1.98 1.34 2.67 1.13 1.22 1.37 1.6 1.9 
17 64 83.6 76.7 31.68 2.16 1.48 2.87 1.19 1.36 1.62 1.99 2.47 
18 29 96.0 76.8 37.57 2.1 1.46 2.77 1.14 1.25 1.42 1.68 2.01 

19 14 91.1 65.3 33.67 2.58 1.83 3.33 1.17 1.32 1.54 1.87 2.29 
20 100 98.4 75.1 34.38 1.19 0.81 1.57 1.17 1.3 1.52 1.83 2.23 
21 100 99.5 94.8 36.8 1.16 0.77 1.55 1.15 1.26 1.44 1.71 2.06 
22 21 100.0 90.7 34.57 1.25 0.85 1.66 1.16 1.3 1.51 1.82 2.21 
23 14 100.0 67.9 34.53 3.09 2.12 4.14 1.16 1.3 1.51 1.82 2.22 
24 83 100.0 90.9 25.45 1.07 0.73 1.41 1.29 1.58 2.01 2.6 3.34 
25 86 100.0 8.7 27.72 1.12 0.77 1.47 1.24 1.48 1.84 2.33 2.95 
26 29 100.0 65.5 29.37 0.97 0.63 1.34 1.22 1.43 1.74 2.17 2.73 
27 29 99.7 79.4 30.54 1.98 1.43 2.53 1.21 1.39 1.68 2.08 2.59 
28 50 98.2 74.9 33.51 1.3 0.92 1.67 1.17 1.32 1.55 1.88 2.3 
29 93 99.8 87.2 32.67 1.02 0.7 1.31 1.18 1.34 1.58 1.93 2.37 

30 14 100.0 100.0 13.78 3.69 2.75 4.61 1.93 3.05 4.63 6.7 9.24 
31 29 100.0 100.0 14.4 2.76 2.02 3.5 1.86 2.87 4.32 6.21 8.54 
32 50 100.0 100.0 16.48 1.44 1.03 1.82 1.66 2.42 3.52 4.95 6.73 
33 100 100.0 100.0 13.08 1.17 0.82 1.49 2.03 3.28 5.04 7.34 10.16 
34 64 99.8 94.8 17.41 1.7 1.2 2.2 1.59 2.27 3.25 4.53 6.12 
35 100 100.0 98.1 22.32 1.28 0.89 1.63 1.37 1.76 2.34 3.11 4.07 
36 100 100.0 100.0 19.56 1.04 0.73 1.3 1.47 2 2.76 3.78 5.03 
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Table 4-3. Continued 

# 
PQRI 
WG 

Total 
Mass 
PBE 

ISM 
PBE 

RVS PE LB UB C10 C15 C20 C25 C30 

37 7 100.0 100.0 7.68 14.67 10.36 19.69 3.96 7.67 12.86 19.58 27.79 
38 14 100.0 99.9 9.31 4.77 3.15 6.74 3.02 5.53 9.05 13.61 19.19 
39 86 100.0 100.0 8.1 3.48 2.37 4.74 3.66 6.99 11.65 17.7 25.07 
40 100 100.0 100.0 7.12 2.15 1.46 2.93 4.44 8.77 14.81 22.64 32.19 
41 29 100.0 0.0 6.23 4.26 2.95 5.71 5.49 11.15 19.06 29.3 41.77 
42 86 100.0 96.1 6.69 3.67 2.53 4.92 4.9 9.8 16.65 25.53 36.34 
43 86 100.0 100.0 6.15 3.17 2.2 4.23 5.61 11.42 19.54 30.04 42.84 

44 100 100.0 100.0 7.12 2.14 1.47 2.86 4.44 8.77 14.81 22.64 32.19 
45 100 81.8 5.3 16.03 1.24 0.83 1.64 1.69 2.51 3.66 5.19 7.06 
46 57 64.3 26.7 15.77 1.56 1.11 1.99 1.72 2.56 3.75 5.33 7.27 
47 36 7.5 43.1 16.51 1.33 0.93 1.7 1.66 2.42 3.51 4.94 6.71 
48 21 87.2 0.0 17.3 1.45 1.04 1.85 1.6 2.29 3.28 4.58 6.19 
49 7 8.4 0.0 16.91 2.17 1.55 2.8 1.63 2.35 3.39 4.75 6.43 
50 93 54.0 93.9 15.21 1.4 0.99 1.8 1.77 2.68 3.97 5.66 7.74 
51 50 20.4 75.2 14.87 1.71 1.21 2.2 1.8 2.76 4.11 5.88 8.06 
52 0 90.6 0.0 16.54 10.33 7.53 13.23 1.65 2.41 3.5 4.93 6.69 
53 7 99.9 0.0 15.67 8.5 6.28 10.69 1.73 2.58 3.79 5.39 7.35 
54 43 99.6 0.5 17.65 7.2 5.13 9.36 1.58 2.24 3.18 4.43 5.98 

55 71 99.3 1.4 15.55 7.19 5.13 9.43 1.74 2.6 3.83 5.45 7.45 
52* 0 90.39 0 14.75 9.97 7.16 12.96 1.82 2.78 4.16 5.96 8.18 
53* 7 99.89 0 15.44 7.17 5.11 9.32 1.75 2.63 3.88 5.52 7.54 

54* 43 99.61 0 15.67 7.21 4.98 9.68 1.73 2.58 3.79 5.39 7.35 

55* 71 99.2 0 14.89 6.43 4.43 8.79 1.8 2.75 4.1 5.87 8.04 

Results are based upon 20,000 replications per scenario; #: Scenario; PQRI WG: % of experts who 
evaluated the scenario as equivalent (13); Total Mass PBE: % of passes of PBE test for total mass 
equivalence; ISM PBE: % of passes of PBE test for ISM equivalence; RVS: Reference variance scaling 
(average); PE: Point estimate for MmCSRS (average); LB: Lower bound of 90% BCA confidence interval 
for MmCSRS; UB: Upper bound of 90% BCA confidence interval for MmCSRS; CX: Cut-off value for 
MmCSRS for a X% criterion for equivalence testing of CI profiles; *: deposition sites 4-10 were used for 
ISM 
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Table 4-4. Classification of 55 PQRI scenarios based upon PQRI WG and APSD 
equivalence test results 

 PQRI: P 
APSD Test: P 

PQRI: F 
APSD Test: F 

PQRI: F 
APSD Test: P 

PQRI: P 
APSD Test: F 

Scenario 6, 24, 29, 33, 
34, 35, 36, 39, 
40, 42, 43, 44, 

50 

3, 4, 7, 8, 9, 
11, 12, 15, 16, 
18, 19, 22, 23, 
27, 28, 30, 31, 
37, 38, 41, 47, 
48, 49, 51, 52, 

53, 54 

26, 32 1, 2, 5, 10, 13, 
14, 17, 20, 21, 
25, 45, 46, 55 

N 13 27 2 13 
% 23.6 49.1 3.6 23.6 

PQRI: Classification of PQRI WG; APSD Test: classification of APSD equivalence test; a pass for PQRI 
was assigned when >50% of the PQRI WG concluded equivalence; a pass for APSD test was assigned 
when >50% pass the first and second steps and a 15% cut-off value for the third step; P: pass; F: fail; N: 
number of scenarios 
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Figure 4-1. Proposed APSD equivalence test; a population BE test (29) could be 

applied for equivalence testing at steps one and two; MmCSRS-based profile 
comparison test could alternatively be applied to deposition sites that are 
comprised in the definition of the fine particle mass 
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Figure 4-2. Real CI profiles, sites are ordered by decreasing magnitude of their 

normalized deposition on deposition sites that are comprised in the definition 
of the ISM for an Andersen CI; MDI: Metered dose inhaler; DPI: Dry powder 
inhaler 
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Figure 4-3. Average and reference CI profiles for constructing cut-off value for 

MmCSRS based CI profile comparison test; sites are ordered by decreasing 
magnitude of their normalized deposition; deposition of average/reference CI 
profile (%; by site): 37.7/33.1 (1), 28.5/33.1 (2), 16.9/12.2 (3), 7.71/12.2 (4), 
4.87/3.61 (5), 2.34/3.61 (6), 1.14/0.974 (7), 0.811/0.974 (8) 
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Figure 4-4. Cut-off value plot and example confidence interval for the MmCSRS  
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Figure 4-5. Categorization of 55 PQRI scenarios based upon proposed APSD 

equivalence test; point estimates (filled circles) and 90% BCA bootstrap 
confidence intervals (segments; 2,000 bootstrap replicates) are displayed for 
those scenarios that received a pass in total mass and ISM PBE tests in 
>50% of the 20,000 simulations; green colored scenarios were classified by 
>=70% of the PQRI WG as equivalent; orange colored scenarios were 
classified by >=30% and <70% of the PQRI WG as equivalent; red colored 
scenarios were classified by <30% of the PQRI WG as inequivalent; mean of 
the squared inverse of the coefficient of variation (CV%) across the four ISM 
sites with the largest deposition (≈ 90% of ISM) was used as a metric for 
reference variance scaling; differently shaded areas and associated lines 
represent different cut-off values for different equivalence criteria between two 
profiles (e.g., 20% difference on all ISM sites); results are presented in three 
graphs with different ranges of variance scaling and MmCSRS to allow 
visualization of the entire collection with sufficient resolution. 
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Figure 4-6. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 1-4; full profiles of all PQRI scenarios are available elsewhere (14, 
15); blue lines: R product; red lines; T product 
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Figure 4-7. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 5-8; full profiles of all PQRI scenarios are available elsewhere (14, 
15); blue lines: R product; red lines; T product 
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Figure 4-8. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 9-12; full profiles of all PQRI scenarios are available elsewhere (14, 
15); blue lines: R product; red lines; T product 
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Figure 4-9. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 13-16; full profiles of all PQRI scenarios are available elsewhere 
(14, 15); blue lines: R product; red lines; T product 
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Figure 4-10. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 17-20; full profiles of all PQRI scenarios are available elsewhere 
(14, 15); blue lines: R product; red lines; T product 
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Figure 4-11. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 21-24; full profiles of all PQRI scenarios are available elsewhere 
(14, 15); blue lines: R product; red lines; T product 

  



 

137 

 
Figure 4-12. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 25-28; full profiles of all PQRI scenarios are available elsewhere 
(14, 15); blue lines: R product; red lines; T product 
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Figure 4-13. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 29-32; full profiles of all PQRI scenarios are available elsewhere 
(14, 15); blue lines: R product; red lines; T product 
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Figure 4-14. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 33-36; full profiles of all PQRI scenarios are available elsewhere 
(14, 15); blue lines: R product; red lines; T product 
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Figure 4-15. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 37-40; full profiles of all PQRI scenarios are available elsewhere 
(14, 15); blue lines: R product; red lines; T product 
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Figure 4-16. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 41-44; full profiles of all PQRI scenarios are available elsewhere 
(14, 15); blue lines: R product; red lines; T product 
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Figure 4-17. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 45-48; full profiles of all PQRI scenarios are available elsewhere 
(14, 15); blue lines: R product; red lines; T product 
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Figure 4-18. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 49-51; full profiles of all PQRI scenarios are available elsewhere 
(14, 15); blue lines: R product; red lines; T product 
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Figure 4-19. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 52-55;eight ISM sites; full profiles of all PQRI scenarios are 
available elsewhere (14, 15); blue lines: R product; red lines; T product 
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Figure 4-20. Average ISM ratio (T/R) and normalized mean ISM profiles for PQRI 

scenarios 52-55;seven ISM sites; full profiles of all PQRI scenarios are 
available elsewhere (14, 15); blue lines: R product; red lines; T product 
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CHAPTER 5 
A PHARMACOKINETIC SIMULATION TOOL FOR INHALED CORTICOSTEROIDS1 

Background 

Inhaled corticosteroids (ICS) are first line medications for asthma treatment and a 

therapy option in the management of chronic obstructive pulmonary disease (2, 30). A 

better understanding of pharmacokinetic (PK) properties that influence pulmonary 

selectivity of ICS has helped increase the efficacy and reduce systemic side effects of 

novel ICS (3, 4). However, the effects of certain physiological, formulation, and patient 

related factors on the systemic PKs of ICS remain poorly understood. For instance, 

changes in the lung physiology and anatomy during the course of a pulmonary disease 

affect the PK behavior of some ICS while that of others is unchanged (31, 32).  Similarly 

the aerodynamic particle size distribution and regional lung deposition patterns (central-

to-peripheral airways) affect the systemic PKs of some ICS but not that of others (33). 

Differences in dissolution rates do not only affect the time to reach the maximum 

plasma concentration (tmax) and the maximum plasma concentration (Cmax) but also the 

area under the plasma concentration time profile (AUC). Thus, the PK behavior of 

inhaled drugs is much more complicated than that of traditional forms of administration. 

Moreover, changes in formulation and delivery device and comparison of different ICS 

in the same device are often challenging. 

Clinical trial simulation (34) is a powerful tool for evaluating the outcomes of 

clinical or PK studies in a time and cost efficient way before resources are invested in 

conducting the actual studies. A trial simulation model generates realistic data by 

                                            
1
 Chapter 5 was originally published in the AAPS Journal. Weber B, Hochhaus G. A pharmacokinetic 

simulation tool for inhaled corticosteroids. AAPS J 2013; 15(1): 159-171 



 

147 

specifying a mathematical model that adequately describes the functional relationship 

between the variable of interest and time (deterministic part of the model, here: PK 

profile of ICS) and by incorporating variability between and within subjects (random part 

of the model). This project was interested in providing such a simulation tool that allows 

incorporation of relevant physiological and formulation factors into the model and is able 

to predict the effects of such parameters on systemic PKs without having to perform 

actual PK studies.  

A freely available tool for simulation of PK trials after administration of ICS is 

provided that enables the user to explore the relationship between certain physiological 

(e.g. differentiation between central and peripheral lung regions, different pulmonary 

absorption rates between central and peripheral lung regions (35, 36), presence of 

mucociliary clearance mechanism in central lung regions (37)), formulation (e.g. 

aerodynamic particles size distribution of the aerosol determining regional lung 

deposition patterns, dissolution properties of the ICS), and patient related factors (e.g. 

variability between and within subjects, differences in lung physiology between healthy 

subjects and patients) and the systemic PKs of ICS. The PK trial simulation tool is 

provided as an extension package (‘ICSpkTS’)2 to the statistical software R (21) and is 

available for download via http://www.cop.ufl.edu/pc/research/areas-of-

research/inhaled-glucocorticoids/icspkts-r-extension/. The ‘ICSpkTS’ package enables 

the users to simulate PK trials for any ICS (currently available or hypothetical) delivered 

via different inhalers and different physiological settings in healthy subjects or patients 

by allowing the users to specify their own model parameters. Furthermore, the 

                                            
2
 The extension package is called ‘ICSpkTS’ as an abbreviation for Inhaled Corticosteroids 

Pharmacokinetic Trial Simulation 

http://www.cop.ufl.edu/pc/research/areas-of-research/inhaled-glucocorticoids/icspkts-r-extension/
http://www.cop.ufl.edu/pc/research/areas-of-research/inhaled-glucocorticoids/icspkts-r-extension/
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‘ICSpkTS’ package contains specific modules for some of the commercially available 

ICS (budesonide (BUD), flunisolide (FLU), fluticasone propionate (FP), and 

triamcinolone acetonide (TA)). 

This PK trial simulation tool for ICS represents an innovation compared to 

previously published ICS PK models (3) and deterministic ICS PK simulation tools (38) 

as it allows simulation of PK trials by integrating variability between and within subjects 

and distinguishes between central and peripheral regions of the lung.  

This paper is structured as follows. First, a compartment model (Figure 5-1) that 

incorporates physiological, formulation, and patient related factors of inhalation therapy 

(see above) is characterized. Second, a closed form expression for the plasma 

concentration time profile after ICS administration is derived based upon the 

compartment model (deterministic part of the PK trial simulation model). The availability 

of a closed form expression of the underlying mathematical model is beneficial for time-

efficient simulation. Third, the structure of the random part of the PK trial simulation 

model (i.e. between-subject variability (BSV) and within-subject variability (WSV)) is 

specified. Fourth, literature estimates of model parameters (i.e. typical values and 

associated variability terms (BSV and WSV) for the drug specific modules of the PK trial 

simulation tool are summarized. Fifth, the performance of the drug specific modules of 

the ‘ICSpkTS’ package was checked by comparing model simulated plasma 

concentration time profiles to actual plasma concentration data and/or literature data 

following administration of BUD, FLU, FP, and TA. In the discussion section possible 

applications, the practical relevance, and limitations of the ‘ICSpkTS’ package are 
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debated. Finally, the structure and functions of the PK trial simulation tool and its 

modules are briefly explained by two hands-on examples.  

Compartment Model 

Figure 5-1 displays a compartment model that adequately describes the fate of 

an ICS after administration by incorporating physiological and formulation related 

aspects for inhalation therapy and patient factors. In detail, an inhaled drug particle, 

according to its aerodynamic particle size distribution, is deposited in the oropharynx 

(DoseMouth), is deposited in the lung (DoseLung), or is exhaled. The fraction of the emitted 

dose that is exhaled is negligible and was, thus, disregarded in the compartment model. 

It is pragmatic to distinguish the dose deposited in the lung into a fraction deposited in 

central lung regions and a fraction deposited in peripheral lung regions, given the 

impact of the physiological differences between the two regions on the fate of an 

inhaled drug (39). Even though in vitro/in vivo correlation between aerodynamic particle 

size distribution and regional lung deposition patterns has been established infrequently 

if ever, it is widely accepted that larger particles are more likely to be deposited in the 

oropharynx and central lung regions and smaller particles are more likely to be 

deposited in peripheral lung regions (7). Both central and peripheral lung regions were 

separated in one compartment where undissolved particles are present (LC1 and LP1) 

and one compartment where particles are in solution (LC2 and LP2). In detail, drug 

particles deposited in central lung regions (LC1) are either cleared by the mucociliary 

clearance mechanism (kmuc) or will dissolve in the bronchial fluids (kdiss), pass through 

the pulmonary cells in the central lung regions (LC2) and be absorbed into the systemic 

circulation (kpul,C) (37). Drug particles deposited in peripheral lung regions (LP1) dissolve 

(kdiss), pass through the pulmonary cells in the peripheral lung regions (LP2) and are 
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absorbed into the systemic circulation (kpul,P). The model allows explicitly for different 

absorption rate constants for drug absorption from the central and peripheral lung 

regions if this distinction is justified (35, 36). The fraction of the drug that is deposited in 

the oropharynx and the fraction that is removed by mucociliary clearance will be 

swallowed and can be absorbed systemically (ka) through the gastrointestinal tract (A) 

depending upon the oral bioavailability (FBA) of the drug. The amount of drug that 

reaches the systemic circulation will be distributed throughout the body (k12, k21) and 

eliminated (k10) according to its PK properties. The model was parameterized in terms 

of CL and VC, where CL represents the systemic clearance (in L/h) of the ICS, VC 

represents the volume of distribution (in L) of the central body compartment, and k10 = 

CL/VC. Patient factors are incorporated into the model by allowing for variability in the 

model parameters between and within subjects. 

Plasma Concentration Time Profile - Closed Form Expression 

A closed form expression for the plasma concentration time profile after ICS 

administration was judged as beneficial for time efficient PK trial simulation. This 

expression was derived based on a system of differential equations (Eq. 5-1- Eq. 5-7) 

describing the fate of an ICS in the compartment model (Figure 5-1) 
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                                                 (5-6) 

  

  
                      (5-7) 

where t represents the time (in h), LC1, LP1, LC2, LP2, A, X, and P represent the 

amount of drug at time point t in the dissolution compartment of the central lung, 

dissolution compartment of the peripheral lung, solution compartment of the central 

lung, solution compartment of the peripheral lung, GI absorption compartment, central 

body compartment, and peripheral body compartment, respectively. The first-order rate 

constants kdiss, kpul,C, kpul,P, kmuc, ka, k12, k21, and k10 were defined above. The 

assumption that the mucociliary clearance is a first-order process, which seems to be 

justified for healthy subjects or mild-asthmatic patients (40), was made for mathematical 

convenience. The system of differential equations was then solved using Laplace 

integration methods (41). Details are given in the “Additional Equations” section. Hence, 

a closed form expression for the plasma concentration time profile (Ct) after 

administration of an ICS and thus the deterministic part of the PK trial simulation model 

is given by 
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    )            (5-8) 

where all terms that were not introduced above are defined in the “Additional 

Equations” section. 
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Random Structure of PK Model – Between and Within-Subject Variability 

After log transformation, individual PK parameters (e.g. FLung, CL, VC) were 

assumed to follow a multivariate normal distribution with population mean vector θ and 

variance-covariance matrix Ω where the elements of θ represent the typical values 

(population averages) and the diagonal element of Ω represent the BSV (in terms of 

variance) of the PK parameters. The off-diagonal elements of Ω, representing the 

correlation between the PK parameters, are zero. Hence, all individual PK parameters 

are independent of each other and follow a lognormal distribution.  

An exponential error model was selected as residual error model. 

 (   )    (    )    
             (5-9) 

where C(obs)ij and C(pred)ij represent the observed and predicted plasma 

concentration at the jth time point in the ith subject, respectively, and εij are assumed to 

be independent and identically distributed normal random variables with mean equal to 

zero and variance σ2.  

Drug Specific Modules – Literature Based Parameter Estimates 

The ‘ICSpkTS’ tool contains four specific modules for the trial simulation after 

administration of the ICS BUD, FLU, FP, and TA. Estimates for the typical value 

parameters are given in Table 5-1 and are in accordance with a previously published 

deterministic PK model (42) (unless otherwise stated in Table 5-1). It should be noted 

that literature estimates for both the pulmonary dissolution and absorption processes 

are not available. Therefore, it was assumed that literature estimates of the ‘pulmonary 

absorption rate’ rather represent the dissolution than the absorption process. This 

assumption that the dissolution process is the rate-limiting step seems reasonable given 

the lipophilic character of ICS and the fast pulmonary absorption of lipophilic substances 
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(35, 36). Furthermore, an educated guess of 0.5 for the fraction of the lung dose that is 

deposited in central lung regions (i.e. central to peripheral lung deposition (C/P) ratio 

equals 1) was used as default values for all four modules. This ratio is a typical value 

within the estimates reported in the literature for some of the formulations included, 

while for other of the included drugs estimates were not available. However, due to a 

lack of validated scintigraphy procedures literature data need to be seen critically ((43), 

see also Discussion). Therefore, this ratio was used without further differentiation for all 

four drug specific modules. Estimates for the BSV and WSV terms either varied across 

the literature or were not available. Hence, BSV estimates for all parameters and WSV 

were set to default values of 20% and 30% (expressed as coefficient of variation (CV)), 

respectively, in all four drug-specific modules. However, the users can adjust the BSV 

and WSV parameters and typical value parameters if desired. 

Performance Check of the Drug Specific Modules of PK Trial Simulation Tool 

Methods 

For all modules, the literature based model parameters (Table 5-1) were used to 

generate 1,000 plasma concentration time profiles after inhalation of a single dose of 

1000 mcg, 500 mcg, 250 mcg, and 100 mcg BUD, FP, FLU, and TA, respectively.  

For BUD and FP, these simulated plasma concentration time profiles were used 

to check the performance of the BUD and FP modules of the PK trial simulation tool by 

comparing the simulated data to PK data from four studies where healthy subjects 

received BUD and FP delivered via their respective dry powder inhalers (study I (44), 

study II (45), study III (46), study IV (47)). Individual plasma concentration time profiles 

were available for study I. For studies II – IV, only certain PK metrics (e.g. AUC0-t, Cmax, 

tmax) were available from the literature. Using the simulated plasma concentration time 
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data, 90% prediction intervals were constructed by cutting off the lower and upper 5% of 

the simulated plasma concentrations per time point. For both, BUD and FP, the 90% 

prediction intervals were then visually compared to data from 14 healthy subjects that 

received a single-dose of 1000 mcg BUD and 500 mcg FP, respectively (study I). 

Moreover, typical PK metrics (i.e. AUC0-inf, AUC0-t, Cmax, tmax, and the terminal half-life) 

were calculated for the simulated data and compared to those of studies I – IV.  AUC 

and Cmax values from studies II - IV were normalized to the simulated dose of 1000 mcg 

(BUD) and 500 mcg (FP) to match the administered dose of the simulated data and 

study I.  

For FLU and TA, where individual plasma concentration time data were not 

available, simulated (n = 1,000) AUC0-inf, Cmax, and tmax were compared to those (after 

dose adjustment) from literature ((48-54)) to check the performances of the FLU and TA 

modules.  

Results 

Figure 5-2 and Figure 5-3 display the visual comparison of the simulated plasma 

concentrations (90% prediction intervals) to those of the 14 healthy subjects (study I) for 

BUD and FP, respectively. Comparison of the PK metrics of the simulated data to those 

of studies I – IV is given in Table 5-2 and Table 5-3 for BUD and FP, respectively. For 

FLU and TA, the results of the performance checks are displayed in Table 5-4. 

Discussion 

A freely available tool for simulation of PK trials for ICS has been developed as 

an extension package to the software R. In its current form, the model allows simulation 

of plasma concentration time profiles after administration of (I) two different hypothetical 

ICS and (II) two different formulations of four different ICS (BUD, FLU, FP, and TA) in a 
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parallel study design. A detailed example about the functions and outputs of the 

‘ICSpkTS’ package is provided in the “Hands-on Examples” section. Briefly, for all five 

modules (hypothetical ICS, BUD, FLU, FP, and TA) the user can specify certain PK 

model parameters (typical values, BSV, and WSV) for both drugs (ICS) or both 

formulations of either BUD, FLU, FP, and TA, the time points at which plasma samples 

are obtained, and the number of subjects. The ‘ICSpkTS’ packages then simulates the 

outcome of a PK trial based upon the specified parameters values and returns 90% 

confidence intervals for geometric means ratio of the two drugs/formulations for both 

AUC and Cmax and generates a plot displaying the average plasma concentration time 

profiles. Optionally, output tables containing e.g. individual or average plasma 

concentration can be generated.  

In the module for simulation of PK trials for hypothetical ICS, the users can 

specify all typical value parameters by themselves whereas certain typical value 

parameters (e.g. CL, VC, k12, k21, ka) are fixed to literature values in the drug specific 

modules (BUD, FLU, FP, and TA) (Table 5-1). Since literature estimates for most of the 

BSV and WSV parameters were either inconsistent or not available (e.g. distribution 

rate constants) BSV and WSV parameters were set to default values of 20% and 30% 

(CV), respectively, in all modules. These values represent reasonable estimates for 

some parameters (e.g. BSV for CL and volume of distribution is commonly between 

20% and 30% (55)). The authors are aware that a BSV of 20-30% might not be 

representative for all model parameters. However, given the scarcity of reliable literature 

information on BSV and WSV, suggesting certain default values for those model 
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parameters and giving the users the options to adjust them to their beliefs and needs 

seems appropriate.  

Moreover, the module for hypothetical ICS of the ‘ICSpkTS’ R extension package 

could be applied for simulation of PK trials of non-ICS by adjusting the model 

parameters to represent other inhaled drugs.  

The PK trial simulation tool is based upon a compartmental model that is able to 

incorporate relevant physiological aspects of the lung (difference in absorption rate from 

central vs. peripheral lung, mucociliary removal of particles from central lung regions), 

physicochemical properties of the drug (dissolution rate, deposition characteristics such 

as pulmonary deposition efficiency, central vs. peripheral deposition) and patient factors 

(reduction of mucociliary clearance rate constant or changes in deposition efficiency, 

see Hands-on Example I). It must be emphasized that while the model can adjust for 

such factors, the underlying model is neither a physiologically based PK model nor does 

it directly link the deposition profile of the drug particles in the lung to its 

physicochemical properties (see below). The purpose of the model is to adequately 

reflect plasma concentration time profiles of ICS while allowing certain features of 

inhalation therapy (e.g. C/P ratio, mucociliary removal of undissolved drug particles in 

the central lung) to be considered. In addition, the variability between and within 

subjects of all PK parameters is considered. The PK trial simulation tool and the 

compartment model itself represents an extension of previously published inhalation 

models by Byron (39), Gonda (56), and Hochhaus et al. (3). Specifically, the models by 

Byron and Gonda focused rather on the kinetics in the respiratory tract and not in 

plasma and did not consider variability. The model by Hochhaus et al. did not 
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distinguish between central and peripheral regions of the lung and did not allow for 

variability between and within subjects.  

In the current form of the PK trial simulation tool, the user needs to specify 

deposition characteristics such as the emitted dose, the pulmonary deposited dose, and 

the C/P ratio. The authors are aware that particle deposition in the lung could be 

modeled with higher resolution using analytical equations for particle deposition 

efficiencies and specific flow conditions or computational fluid and particle dynamics 

methods (57). However, addition of such tools into the model would be of little benefit, 

as the purpose of the simulation tool is to model plasma and not regional lung 

concentration profiles after ICS administration. Since little is known about differences in 

the pulmonary absorption rates between different regions of the lung (other than some 

evidence pointing towards faster absorption from peripheral lung regions (35, 36), which 

is already incorporated into the model), higher regional resolution for particle deposition 

exceeding central and peripheral regions, as generally provided by deposition models 

(57) would not affect the PK profile as the particles would still dissolve/be absorbed 

according to the same rate constants. 

Nonetheless, users could easily link these particle deposition models (57) with 

this PK trial simulation tool by translating the outputs of the deposition models into 

inputs of the simulation tool (i.e. fraction of the emitted dose that is deposited in the lung 

and the pulmonary fraction that is deposited in central or peripheral regions of the lung). 

Similarly, model parameters could be adjusted to include specific patient groups if 

known relationships between disease state and pulmonary deposition characteristics 

are known (46, 58). Further, suitable in vitro deposition models, such as cascade 
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impaction (59) or systems able to assess the dissolution rate of inhalable drug fraction 

(60) might be used to predict in vivo lung deposition or dissolution behavior. Indeed, we 

incorporated in vitro dissolution rate constants into the FP model (as the dissolution rate 

for this but not the other ICS was slow enough to be measured with sufficient accuracy 

in the in vitro setting (unpublished data). However, it needs to be realized that in vitro/in 

vivo correlation between CI profiles and regional lung deposition, as well as in silico/in 

vivo correlations remain generally to be established. A more detailed in vitro based 

prediction of particle deposition in the lung would definitely be incorporated in future 

extensions of the current version of the PK trial simulation tool, once validated models 

are available.  

The module that allows PK trial simulation after administration of hypothetical 

ICS should be considered as the main tool of this extension package as it allows the 

users to specify all model parameters based upon their own data, beliefs, and/or needs 

(see above). Nonetheless, modules for four specific ICS (BUD, FLU, FP, and TA) were 

included in the simulation tool for convenience. For these modules, a set of default 

values for the model parameters is provided (Table 5-1).  Whereas drug related PK 

parameters (i.e. CL, VC, k12, and k21) are fixed to literature values, the users can adjust 

formulation related parameters (e.g. lung deposition parameters, dissolution rate 

constants). This enables the users, first, to explore the effect of different formulations or 

patient groups on the PK of a specific ICS and, second, to change the default values to 

values that would be supported by their data if needed. The default values for the typical 

value parameters of the drug specific modules are based upon published literature data 

or unpublished experimental data (Table 5-1) unless that for the C/P ratio and the 
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pulmonary absorption rate constants. Even though literature data on the C/P ratio is 

available for ICS (49, 61-64), differences in the C/P ratio have been described for 

different formulations of a given drug and for different patient groups (43). Because of 

the large variability in such estimates, the fact that no validated scintigraphy methods 

have been agreed on, and the lack of estimates for other ICS, an educated guess of 1 

was used for the C/P ratio of healthy volunteers. However, the users can easily adjust 

these default values (see above). In addition, only general estimates for differences in 

the absorption rate across pulmonary membranes have been described in the literature 

(35, 36). For glucocorticoids differences in the absorption rates for central and 

peripheral section of the lung have only resulted in semi-quantitative estimates. Again 

educated guesses resulted in the choices of 10 and 20 h-1 as pulmonary absorption rate 

constants for the central and peripheral regions of the lung, respectively. However, the 

user can change these defaults estimates if the properties of a specific drug require it. 

To ensure that the model and the selected model parameters are valid, the 

predictive performance of the BUD, FLU, FP, and TA modules was checked by 

comparing simulated PK data and resulting metrics to those of actual studies.  

The performances of the BUD and FP modules of the ‘ICSpkTS’ R extension 

package were checked by comparing simulated data to PK data from four studies where 

healthy subjects received BUD and FP delivered via their respective dry powder 

inhalers (see above). For FP, the simulated plasma concentrations predict the 

outcomes of the studies I – IV adequately with respect to mean and variability of both 

the individual plasma concentration profiles (study I, Figure 5-3) and the PK metrics 

(studies I – IV, Table 5-3). The model overestimated somewhat the variability in Cmax 
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compared to that of study I (CV%: 37.7 vs. 19.8), while the variability in Cmax for Study III 

was under estimated (58.3 CV%). tmax of the simulated data (0.89 h) is smaller than that 

of studies I, III, and IV (1 – 1.32 h). This might indicate that that the selected dissolution 

rate constant (kdiss) of the FP module is slightly too large or that the literature based 

compartmental micro-constants (k12, k21) need adjustment (42). The predicted AUCs are 

in very good agreement with the range of observed AUCs in the four FP studies (Table 

5-3), also indicating that the mucociliary clearance rate constant (which affects the AUC 

of slowly dissolving drugs) is reasonable.   

For BUD, the overall predictive performance of the simulated data is not quite as 

good as that of FP but still satisfactory (Table 5-2 and Figure 5-2). There was, however, 

a tendency of the simulation to slightly overestimate plasma concentrations of study 1 

(the 90% prediction interval overestimated somewhat the observed plasma 

concentrations from study I; see Figure 5-2). This is also reflected in the increased 

AUC0-inf of the simulated data compared to that of study I (ratio of simulated vs. 

observed mean AUC0-inf equals 1.67; Table 5-2). However, this was not an indicator for 

a poor predictive performance of the BUD module, as a much better agreement 

between the PK metrics of the simulated data and those of studies II-IV was observed 

(average ratio of simulated vs. observed mean AUCs equals 1.02, range: 0.75-1.31; 

Table 5-2). The simulated mean Cmax (1.39 ng/mL) was within the range of observed 

mean values (0.89-2.26 ng/mL; Table 5-2), although some tendency to lower 

concentrations and later tmax values (tmax,simulated: 0.65 h (mean), tmax,observed: 0.21 - 0.5 h 

(range of means)) was observed. This difference in tmax might suggest that the 
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dissolution rate constant of the BUD module (kdiss = 17.8 h-1) might be too small3. For 

most of the published BUD PK data after inhalation, however, the dissolution/absorption 

rate is difficult to determine since the peak concentrations occur very early (often at the 

time point where the first plasma sample was obtained). Similarly, it is almost 

impossible to correctly estimate dissolution rates in vitro for such fast dissolving drugs.  

The predictive performances of both the FLU and TA modules were both 

satisfactory as the simulated mean AUC0-inf, Cmax, and tmax were in good agreement with 

those of the published data (Table 5-4). In particular, the means of simulated PK metrics 

were within the range of the means of the literature data with exception of tmax of the 

FLU module.  

In summary, the predictive performances of all modules were satisfactory, in 

particular when considering that model parameters are either based upon different 

sources of literature data, in vitro data, or educated guesses (see Table 5-1 for more 

details). The slight differences between the predicted and observed Cmax and tmax (see 

above) is very likely due to the uncertainty that is involved when estimating the 

pulmonary dissolution rates of the ICS, especially when this process is very fast, such 

as observed for BUD and FLU. All modules, including those for BUD and FP, explicitly 

allow the users to adjust the pulmonary dissolution rates as well as other deposition 

parameters to their own beliefs. Hence, parameters established by the user can be 

easily incorporated.  Furthermore, the general module of this PK trial simulation 

package, in which the users can change all model parameters, has been provided to 

allow the highest degree of flexibility. Overall, the drug specific modules of the 

                                            
3
 Other reasons such as variability in systemic distribution micro constants (k12, k21) across studies cannot 

be excluded. 
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‘ICSpkTS’ package should be considered as tools for simulating PK trials for specific 

ICS without having to perform literature research on the input parameters that also allow 

adjustment of the model parameters if needed. 

The ‘ICSpkTS’ package allows the user to examine the effect of certain 

physiological, formulation, and patient related factors on the systemic PKs of ICS while 

incorporating variability between and within subject. For instance, the PK trial simulation 

tool could be used to compare two identical formulations in different patient population 

by altering the model parameters that are related to lung anatomy and physiology (i.e. 

C/P ratio and the mucociliary clearance rate constant). Furthermore, the PK trial 

simulation tool could be applied to compare the PK behavior of two different 

formulations of the same ICS that differ in their dissolution rates and/or aerodynamic 

particle size distribution (central-to-peripheral airways) and to explore the effect of these 

differences on the AUC and Cmax. In the “Hands-on Examples” section, these two 

possible applications of the ‘ICSpkTS’ package are used as hands-on example to 

explain how to use the different modules of the PK trial simulation tool.  

Introductory videos showing how to download and install R, how to install the 

‘ICSpkTS’ R extension package, and how to operate the ‘ICSpkTS’ package can be 

downloaded via http://www.cop.ufl.edu/pc/research/areas-of-research/inhaled-

glucocorticoids/icspkts-r-extension/. 

The ‘ICSpkTS’ could be further extended to allow for simulation of more 

complicated study designs (e.g. cross-over designs) or could be used as a basis for a 

PK/pharmacodynamics (PD) model by linking the plasma concentrations to the 

suppression of the endogenous cortisol release (65). Moreover, Eq. 5-12 and Eq. 5-13 

http://www.cop.ufl.edu/pc/research/areas-of-research/inhaled-glucocorticoids/icspkts-r-extension/
http://www.cop.ufl.edu/pc/research/areas-of-research/inhaled-glucocorticoids/icspkts-r-extension/
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could be used for predicting the pulmonary drug concentrations after ICS administration 

that could then be linked to a PD model of a pulmonary biomarker. Such a pulmonary 

PKPD model could be useful for evaluating the effect of different ICS or different 

formulations of the same ICS on their pulmonary efficacy. 

Summary 

A freely available tool for PK clinical trial simulation after ICS administration was 

provided as an extension package (‘ICSpkTS’) to the software R based upon a 

compartment model that describes the fate of an ICS after inhalation. In its current form, 

the ‘ICSpkTS’ package is a valuable tool for exploring the effect of changes in model 

parameters, which could represent physiological, formulation, and patient related 

factors) on PK behavior of ICS while taking variability between and within subjects into 

account.  

Additional Equations 

Laplace transformation (41) of Eq. 5-1 - Eq. 5-7 and rearrangements yields 
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where s represents the Laplace operator, FBA was defined above, and LC1,0, 

LP1,0, and A0 denote the initial amount of drug in the dissolution compartments of the 

central and peripheral lung, and the GI absorption compartment, respectively. 

Particularly, 

                              (5-17) 

                 (    )          (5-18) 

   (       )                 (5-19) 

where Dose is the by the inhaler emitted dose, FLung is the fraction of the emitted 

dose that is deposited in the lung, and FC is the fraction of the lung dose that is 

deposited in central lung regions. Substitution of Eq. 5-10 - Eq. 5-14 and Eq. 5-16 into 

Eq. 5-15 and defining α * β = k10 * k21 and α + β = k10 + k12 + k21 yields 
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Anti Laplace transformation of Eq. 5-20 yields 
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ICSpkTS R Extension Package – Hands-on Examples 

The structure and functions of the ‘ICSpkTS’ extension package is briefly 

explained in form of two hands-on examples. In the first example, the ‘ICS’ module of 

the ‘ICSpkTS’ package is introduced by a case study comparing the AUC and Cmax in 

healthy subjects and asthmatic patients. In the second example, the effect of having two 
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FP formulations that differ in their pulmonary dissolution rate constant on the PK 

behavior is used to explain the ‘FP’ module. Further details and functions of the 

‘ICSpkTS’ package can be found in the official documentation (supplemental material) 

and/or by accessing the official R help files. Moreover, the supplemental material 

contains videos explaining how to install and use the ‘ICSpkTS’ package.  

Hands-on Example 1: ICS  

Running the following code in R will simulate a PK trial when 500 mcg of an 

hypothetical ICS are administered to 25 subjects per treatment group (healthy subjects 

(Situation A) vs. asthmatic patients (Situation B)) and plasma samples are obtained at 

0.17, 0.33, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 h after 

administration. The asthmatic patients are modeled by increasing the fraction of drug 

that is deposited in the central regions of the lung and by lowering the mucociliary 

clearance rate constant.  

##################################################### 

#Number of Subjects (n) per Group 

##################################################### 

n.subjects = 25 

##################################################### 

#Time points (h) where plasma samples are obtained 

##################################################### 

Time = c(0.17,0.33,0.5,1,1.5,2,3,4,6,8,10,12,14,16,18,20,22,24) 

##################################################### 

#Situation A - Model Parameters - Typical Values (TV) and 

#Between-Subject Variability (BSV) 

##################################################### 

Dose.A = 500 
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TV.FLung.A = 0.2 

TV.FC.A = 0.5 

TV.FBA.A = 0.1 

TV.kdiss.A = 0.3 

TV.kmuc.A = 0.5 

TV.kpulC.A = 0.4 

TV.kpulP.A = 0.4 

TV.ka.A = 0.65 

TV.CL.A = 49 

TV.VC.A = 87 

TV.k12.A = 0.1 

TV.k21.A = 0.05 

BSV.FLung.A = 0.2 

BSV.FC.A = 0.2 

BSV.FBA.A = 0.2 

BSV.kdiss.A = 0.2 

BSV.kmuc.A = 0.2 

BSV.kpulC.A = 0.2 

BSV.kpulP.A = 0.2 

BSV.ka.A = 0.2 

BSV.CL.A = 0.2 

BSV.VC.A = 0.2 

BSV.k12.A = 0.2 

BSV.k21.A = 0.2 

##################################################### 

#Situation B - Model Parameters - Typical Values (TV) and 

#Between-Subject Variability (BSV) 

##################################################### 
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Dose.B = 500 

TV.FLung.B = 0.2 

TV.FC.B = 0.8 

TV.FBA.B = 0.1 

TV.kdiss.B = 0.3 

TV.kmuc.B = 0.25 

TV.kpulC.B = 0.4 

TV.kpulP.B = 0.4 

TV.ka.B = 0.65 

TV.CL.B = 49 

TV.VC.B = 87 

TV.k12.B = 0.1 

TV.k21.B = 0.05 

BSV.FLung.B = 0.2 

BSV.FC.B = 0.2 

BSV.FBA.B = 0.2 

BSV.kdiss.B = 0.2 

BSV.kmuc.B = 0.2 

BSV.kpulC.B = 0.2 

BSV.kpulP.B = 0.2 

BSV.ka.B = 0.2 

BSV.CL.B = 0.2 

BSV.VC.B = 0.2 

BSV.k12.B = 0.2 

BSV.k21.B = 0.2 

##################################################### 

#Within Subject Variability (WSV) 

##################################################### 
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WSV = 0.3 

##################################################### 

#PK Trial Simulation 

##################################################### 

ICS(plots=FALSE,tables=FALSE) 

The following output displaying the AUC and Cmax for both healthy subjects and 

asthmatic patients and 90% confidence intervals of the geometric means ratios 

(healthy/asthmatic) for both AUC and Cmax is generated by the ‘ICSpkTS’ package.  

Simulation was successful 

AUC - Means (Arithmetic Means): 

Situation A - Situation B 

[1] 2.23 1.96 

Cmax - Means (Arithmetic Means): 

Situation A - Situation B 

[1] 0.43 0.34 

AUC - 90% Confidence Interval (Geometric Mean Ratio): 

[1] 0.99 1.28 

Cmax - 90% Confidence Interval (Geometric Mean Ratio): 

[1] 1.04 1.39 

Furthermore, a graph showing the average plasma concentration time profiles for 

both healthy subjects and asthmatic patients is created (Figure 5-4).  

Hands-on Example 2: FP 

Running the following code in R will simulate a PK trial when 500 mcg FP are 

administered to 35 subjects per formulation group (formulation A and B differ in their 

dissolution rate constants, B dissolves 3-fold faster) and plasma samples are obtained 

at 0.17, 0.33, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 16, 20, and 24 h after administration.  
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##################################################### 

#Number of Subjects (n) per Group 

##################################################### 

n.subjects = 35 

##################################################### 

#Time points (h) where plasma samples are obtained 

##################################################### 

Time = c(0.17,0.33,0.5,1,1.5,2,3,4,6,8,10,12,16,20,24) 

##################################################### 

#Formulation A - Model Parameters - Typical Values (TV) and 

#Between-Subject Variability (BSV) 

##################################################### 

Dose.A = 500 

TV.FLung.A = 0.16 

TV.FC.A = 0.5 

TV.kdiss.A = 0.302 

TV.kmuc.A = 0.938 

TV.kpulC.A = 10 

TV.kpulP.A = 20 

BSV.FLung.A = 0.2 

BSV.FC.A = 0.2 

BSV.kdiss.A = 0.2 

BSV.kmuc.A = 0.2 

BSV.kpulC.A = 0.2 

BSV.kpulP.A = 0.2 

BSV.CL.A = 0.2 

BSV.VC.A = 0.2 

BSV.k12.A = 0.2 
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BSV.k21.A = 0.2 

##################################################### 

#Formulation B - Model Parameters - Typical Values (TV) and 

#Between-Subject Variability (BSV) 

##################################################### 

Dose.B = 500 

TV.FLung.B = 0.16 

TV.FC.B = 0.5 

TV.kdiss.B = 0.9 

TV.kmuc.B = 0.938 

TV.kpulC.B = 10 

TV.kpulP.B = 20 

BSV.FLung.B = 0.2 

BSV.FC.B = 0.2 

BSV.kdiss.B = 0.2 

BSV.kmuc.B = 0.2 

BSV.kpulC.B = 0.2 

BSV.kpulP.B = 0.2 

BSV.CL.B = 0.2 

BSV.VC.B = 0.2 

BSV.k12.B = 0.2 

BSV.k21.B = 0.2 

##################################################### 

#Within-Subject Variability (WSV) 

##################################################### 

WSV = 0.3 

##################################################### 

#PK Trial Simulation 
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##################################################### 

FP(plots=FALSE,tables=FALSE) 

The following output displaying the AUC and Cmax for both formulations and 90% 

confidence intervals of the geometric means ratios (A/B) for both AUC and Cmax is 

generated by the ‘ICSpkTS’ package.  

Simulation was successful 

AUC - Means (Arithmetic Means): 

Formulation A - Formulation B 

[1] 0.71 0.73 

Cmax - Means (Arithmetic Means): 

Formulation A - Formulation B 

[1] 0.20 0.38 

AUC - 90% Confidence Interval (Geometric Mean Ratio): 

[1] 0.85 1.09 

Cmax - 90% Confidence Interval (Geometric Mean Ratio): 

[1] 0.45 0.60 

Moreover, a graph showing the average plasma concentration time profiles for 

both formulations is generated (Figure 5-5). 
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Table 5-1. Typical value parameters for the BUD, FLU, FP, and TA modules of the PK 

trial simulation tool  

Parameter Unit BUD  
(DPI) 

FLU  
(MDI) 

FP  
(DPI) 

TA 
(MDI) 

θ (FLung)  0.3* 0.24* 0.16* 0.15* 

θ (FC)  0.5* (!!) 0.5* (!!) 0.5* (!!) 0.5* (!!) 

θ (FBA)  0.11 0.2 0**** 0.23 

θ (kmuc) h-1 0.938* (39) 0.938* (39) 0.938* (39) 0.938* (39) 

θ (kdiss) h-1 17.8* 14* 0.189 (!) 1.2* 

θ (kpul,C) h-1 10** 10** 10** 10** 

θ (kpul,P) h-1 20** 20** 20** 20** 

θ (ka) h-1 0.45 (66) 14 **** 0.91 (67, 68) 

θ (CL) L/h 85 55 73 39 

θ (VC) L 100 70 31 154 

θ (k12) h-1 20.01 0.41 1.78 *** 

θ (k21) h-1 11.06 0.82 0.09 *** 

Additional 
References 

 (61-64, 69-
71)  

 (44, 55, 72, 
73)  

(74)  

* Parameters are set to literature estimates but can be changed by user.  The default values for θ (FLung) 
represent specific values for the inhalers (i.e. BUD: Turbohaler, FLU: MDI, FP: Diskus, TA: MDI). 
** Parameters are arbitrarily chosen to represent fast absorption of dissolved lipophilic substances and to 
account for possible faster absorption from peripheral lung regions and can be changed by the user 
*** One compartment body model seems to be more suitable to describe PK of TA 
**** The oral bioavailability of FP is <1% and negligible for the plasma concentration time profile 
! The dissolution rate constant (kdiss) for the FP module is based upon unpublished in vitro dissolution data 
and PK analysis of unpublished FP data 
!! Literature estimates for FC (i.e. central vs. peripheral lung (C/P) deposition ratio) ratio for the different 
formulations are either not available or not applicable for the model (see Discussion). Thus, an educated 
guess of 0.5 (i.e. C/P deposition ratio of 1) was used as a default value for the modules.     
Typical value parameters are based upon a publication by Krishnaswami et al. (42) unless otherwise 
stated (reference(s) in parenthesis); further literature references that are related to the selection of the 
typical value parameters are given as additional references; BSV and WSV terms are set (by default) to 
values of 20% and 30% (expressed as CV%), respectively, and can be changed by the user; DPI: Dry 
powder inhaler; MDI: Metered-dose inhaler 
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Table 5-2. Performance check of BUD module of the ‘ICSpkTS’ R extension package 

 
Simulated 

Data 

Study I - 
Moellmann 
et al. (44) 

Study II - 
Harrison et 

al. (45) 

Study III - 
Mortimer et 

al. (46) 

Study IV - 
Dalby et al. 

(47) 

n 1,000 14 12 20 26 

Cmax (ng/mL) 1.39 (27.2) 0.89 (54.3) 2.02 (-) 2.09 (49) 2.26 (-) 

tmax (h) 0.65 (92.3) 0.41 (84.3) - 0.21 (114) 0.5 (-) 

AUC0-24 

(ng/mL*h) 
4.74 (27.2) 2.56 (60.0) - - - 

AUC0-inf 

(ng/mL*h) 
4.77 (27.4) 2.84 (56.3) - - - 

AUC0-5/6* 

(ng/mL*h) 
3.63 (26.4) - - 3.59 (41.4) - 

AUC0-8 

(ng/mL*h) 
4.06 (25.9) - 5.39 (-) - - 

AUC0-10 

(ng/mL*h) 
4.32 (25.9) - - - 3.3 (106.4) 

Terminal t1/2 
(h) 

2.62 (39.3) 2.97 (48.4) - - - 

*AUC0-5 for simulated data, AUC0-6 for literature data; comparison of PK metrics (mean (CV%)) from 
simulated data using the PK trial simulation tool and literature, n: number of subjects, only data from 
healthy subjects where used from literature, AUC and Cmax data from literature were normalized to the 
simulated dose of 1000 mcg 
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Table 5-3. Performance check of FP module of the ‘ICSpkTS’ R extension package 

 
Simulated 

Data 

Study I - 
Moellmann 
et al. (44) 

Study II - 
Harrison et 

al. (45) 

Study III - 
Mortimer et 

al. (46) 

Study IV - 
Dalby et al. 

(47) 

n 1,000 14 12 20 26 

Cmax (ng/mL) 0.11 (37.7) 0.10 (19.8) 0.07 (-) 0.06 (58.3) 0.1 (-) 

tmax (h) 0.89 (65.4) 1.36 (44.4) - 1.21 (75.2) 1 (-) 

AUC0-24 

(ng/mL*h) 
0.56 (31.0) 0.66 (23.2) - - - 

AUC0-inf 

(ng/mL*h) 
0.63 (32.1) 0.78 (33.7) - - - 

AUC0-5/6* 

*(ng/mL*h) 
0.31 (32.3) - - 0.20 (57.5) - 

AUC0-8 

(ng/mL*h) 
0.36 (33.3) - 0.36 (-) - - 

AUC0-10 

(ng/mL*h) 
0.41 (31.7) - - - 0.75 (42.5) 

Terminal t1/2 
(h) 

6.77 (30.4) 8.05 (53.1) - - - 

*AUC0-5 for simulated data, AUC0-6 for literature data; comparison of PK metrics (mean (CV%)) from 
simulated data using the PK trial simulation tool and literature, n: number of subjects, only data from 
healthy subjects where used from literature, AUC and Cmax data from literature were normalized to the 
simulated dose of 500 mcg 
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Table 5-4. Performance check of FLU and TA modules of the ‘ICSpkTS’ R extension 

package 

 
FLU - 

Simulated Data 
FLU - Literature 

Data (50-53) 
TA - Simulated 

Data 

TA - Literature 
Data (48, 49, 

54) 

 Mean Range Mean Range 

Cmax (ng/mL) 1.30 0.81 – 2.39 0.18 0.12 – 0.25 

tmax (h) 0.33 0.09 – 0.2 2.01 1.59 – 3.67 

AUC0-inf 

(ng/mL*h) 
1.92 1.52 – 4.28 0.90 0.69 – 1.92 

Comparison of PK metrics from simulated data using the PK trial simulation tool (mean) and literature 
(range of means), AUC0-inf  and Cmax data from literature were normalized to the simulated dose of 250 
and 100 mcg for FLU and TA, respectively 
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Figure 5-1. Compartment model for characterization of plasma concentration after 

administration of ICS, FLung: fraction of the emitted dose that is deposited in 
the lung; FMouth: fraction of the emitted dose that is deposited in the 
oropharynx; FC: fraction of the lung dose that is deposited in central regions of 
the lung (LC1); FP: fraction of the lung dose that is deposited in peripheral 
regions of the lung (LP1); LC2 and LP2: Compartments representing central 
and peripheral lung regions, respectively, where the drug is dissolved; FBA: 
oral bioavailability; kmuc: mucociliary clearance; ka: drug absorption from the 
gut into the systemic absorption; kdiss: dissolution of drug particles; kpul,C: drug 
absorption from central lung regions into the systemic circulation (central 
body compartment); kpul,P: drug absorption from peripheral lung regions into 
the systemic circulation; k12, k21: drug distribution between central and 
peripheral body compartments; k10: drug elimination from the systemic 
circulation: all rate constants (k) were assumed to be first-order processes 
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Figure 5-2. Validation of BUD module of the ‘ICSpkTS’ R extension package, : 

Observed plasma concentration after inhalation of a single-dose of 1000 mcg 
BUD (n = 14) (44),grey shaded area: 90% prediction interval based upon 
simulated plasma concentrations after inhalation of a single-dose of 1000 
mcg BUD (n = 1000) using the BUD module of the ‘ICSpkTS’ R extension 
package  
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Figure 5-3. Validation of FP module of the ‘ICSpkTS’ R extension package, : 

Observed plasma concentration after inhalation of a single-dose of 500 mcg 
FP (n = 14) (44), grey shaded area: 90% prediction interval based upon 
simulated plasma concentrations after inhalation of a single-dose of 500 mcg 
FP (n = 1000) using the BUD module of the ‘ICSpkTS’ R extension package 
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Figure 5-4. Hand-on example 1, ‘ICS’ module, simulation of a PK trial after 

administration of 500 mcg of a hypothetical ICS to 25 subjects per treatment 
group (healthy subjects (Situation A) vs. asthmatic patients (Situation B)) and 
plasma samples are obtained at 0.17, 0.33, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 
14, 16, 18, 20, 22, and 24 h after administration, asthmatic patients are 
modeled by increasing the fraction of drug that is deposited in the central 
regions of the lung and by lowering the mucociliary clearance rate constant 
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Figure 5-5. Hand-on example 2, ‘FP’ module, simulation a PK trial when 500 mcg FP 

are administered to 35 subjects per formulation group (formulation A and B 
differ in their dissolution rate constants, B dissolves 3-fold faster) and plasma 
samples are obtained at 0.17, 0.33, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 16, 20, 
and 24 h after administration. 
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CHAPTER 6 

FINAL DISCUSSION AND CONCLUSIONS 

Demonstration of bioequivalence (BE) of locally acting orally inhaled drug 

products (OIDPs) remains challenging since different methods as those that have been 

established for systemically acting orally administered drug are required (see Chapter 

1). Both the European Medicines Agency (EMA) and the Food and Drug Administration 

(FDA) have proposed approaches for establishment of BE for locally acting OIDPs (7, 

75). Even though those approaches differ from each other in their requirements that are 

needed for market approval of generic inhalers, they rely on the same in vitro 

experiments (e.g., cascade impactor (CI) profiles for determination of aerodynamic 

particle size distribution (APSD)) and in vivo studies (e.g., pharmacokinetic (PK) and 

pharmacodynamic (PD) studies for establishment of an equivalent systemic safety 

profile and equivalent pulmonary efficacy profile, respectively).  

The appropriateness of both approaches should be evaluated with respect to, 

first, the mission of both the EMA and the FDA to provide safe and cheap generic 

alternatives to the innovator products and, second, the scientific background and 

justification of the methods that are applied in those approaches. The following is a 

subject evaluation of the current EMA and FDA approaches for establishment of BE of 

locally acting orally inhaled drug products that does not necessarily reflect the opinion of 

any of the co-authors of the previous chapters.  

A Critical Evaluation of the Current EMA and FDA Approaches for Establishment 
of Bioequivalence of Locally Acting Orally Inhaled Drug Products 

Making safe and cheap generic alternatives to innovator products available to the 

public is one of the missions of both the EMA and the FDA. However, safety and 
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cheapness are usually adversaries. Thus, a compromise between both appears to be 

the best solution for satisfying the public’s need for cheap but also safe drugs. For new 

chemical entities, however, the safety concerns outweigh any concerns for cost 

effectiveness. Among other reasons, this has led to a very lengthy (approximately 12 

years) and expensive ($2 billion) process for obtaining market approval for new drugs. 

On the other hand, the methods that have been established for demonstration of BE of 

systemically acting orally administered drugs (see Chapter 1) allow the development of 

safe generics involving reasonable expenses. However, since those methods cannot 

readily be applied to locally acting OIDPs (see Chapter 1) a need for methods that 

enable the development of safe and cheap generic OIDPs has been created. Both the 

EMA and the FDA have proposed approaches for establishing BE of OIDPs. Even 

though both approaches comprise similar methods, there emphasis on safety and/or 

cost effectiveness seems to be different.  

On one hand, the FDA approach (see Chapter 1) is very conservative and 

focuses on patient safety and compliance. It should be remarked here that patient 

safety and compliance is indispensable and not a negative thing at all. However, the 

restrictiveness of the FDA approach raises the question whether there will ever be a 

generic dry-powder inhaler on the US market that received market approval based upon 

the current approach. A non-availability of generic OIDPs would not help reduce the 

health care costs and potentially affect the affordability of those drugs to low-income 

families. On the other hand, considering the poorly established in vitro in vivo correlation 

(IVIVC) between CI data and pulmonary deposition, it seems questionable that generic 
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OIDPs could be on the European market solely based upon in vitro CI data without even 

testing it in a single human subject.  

The FDA requires a generic product that demonstrates an equivalent systemic 

safety and pulmonary efficacy profile to an innovator product and both having a similar 

device design and formulation to pass a series of in vitro tests. The sensitivity of in vitro 

tests to potential differences in the performance of two products is well known. 

However, an in vitro difference does not necessarily result in an in vivo or a clinically 

significant difference (76). Irrespective of those IVIVC considerations, the additional in 

vitro tests requirement raises questions on the reliability of the methods that are applied 

for demonstration of an equivalent safety and efficacy profile. If in vitro tests are needed 

to show potential differences in product performances that were not demonstrated in in 

vivo studies (PK or PD), the relevance of those in vivo studies for BE establishment is 

questionable. Whereas the appropriateness of PK studies for establishment of an 

equivalent systemic safety profile is scientifically accepted, there is limited evidence 

supporting the sensitivity of PK and PD studies for establishment of an equivalent 

pulmonary efficacy profile and no consensus among experts (5, 6, 77, 78). This, 

however, puts a different perspective on the EMA approach possibly relying only on in 

vitro cascade impactor data since most of the methods that are applied are not 

validated. On the other hand, an identical or equivalent CI profile and, therefore, an 

equivalent aerodynamic particle size distribution does not necessary warrant the 

assumption of an equivalent in vivo performance with respect to safety and efficacy 

since cascade impactor may not be sensitive to certain formulation characteristics that 
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affect the in vivo performance. It should be remarked though that EMA restricts the 

applicability of an in vitro test only approval by having to meet certain requirements.  

If the generic company cannot use, decides not to use, or fails to demonstrate 

BE by using in vitro data, the EMA allows similar methods as the FDA to establish BE 

between the generic and innovator products. The case where the in vitro test (e.g., 

cascade impactor data) fails to show BE deserves further scrutiny. There are two 

reasons why any statistical test applied to any in vitro data set could fail to show BE. 

First, generic and innovator product are equivalent with respect to the characteristic that 

is tested for but the variability is too large or the sample size too small. Second, the 

generic and innovator product are indeed different from each other with respect to the 

characteristic that is tested for. In case of the former, performing a PK and/or PD study 

to establish an equivalent safety and/or efficacy profile seems reasonable and justified 

against the background that the unreasonably large sample size would be needed to 

pass the in vitro criteria.  In case of the latter, however, the performance of PK and/or 

PD studies for establishing equivalence between generic and innovator product appears 

to be critical since a difference in a characteristic that is sufficient for demonstrating BE 

was shown.  

Impact of the Modified Chi-Square Ratio Statistic, the Aerodynamic Particle Size 
Distribution Equivalence Test, and Pharmacokinetic Trial Simulation Software on 

the Current EMA and FDA Guidelines 

Even though it remains to be demonstrated which methods and approaches are 

most suitable for establishing BE of locally acting orally inhaled drug products, the 

results and findings of this dissertation will have a significant impact on the development 

of generic locally acting OIDPs. The modified chi-square ratio statistic (mCSRS; 

Chapter 2, Chapter 3, and Chapter 4) and the related aerodynamic particle size 
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distribution (APSD) equivalence test (Chapter 4) could become the standard method for 

testing APSD equivalence and/or comparative cascade impactor equivalence testing 

and, hence, be frequently used to obtain market approval in Europe and the United 

States. The PK trial simulation tool (Chapter 5) could be a valuable tool for evaluating 

the sensitivity and robustness of PK data (e.g., the maximum plasma concentration and 

the area under the concentration time curve) for detecting differences in the pulmonary 

fate between generic and innovator OIDPs. 
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